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Abstract

Many material properties change and become size dependent if dimensions are reduced
from the micro to the nano scale. These unique, size-dependent properties of nanoma-
terials render them very interesting for fundamental studies and numerous applications.
Nanoparticles (NPs) are a particularly interesting but challenging class of nanomaterials.
Biomedical applications of superparamagnetic iron oxide NPs for therapeutic and diag-
nostic purposes require NPs to be stable under physiologic conditions. This can only be
achieved if NPs are sterically stabilized with appropriate dispersants that bind irreversibly
to the iron oxide surface. Tight control over the dispersant layer not only prevents NP ag-
glomeration but additionally paves the way to tailor the NP size, charge and the type and
density of functionalities presented at the NP surface. These factors are especially impor-
tant for the in vivo performance of NPs, in particular the circulation time, targeting ability
and clearance route. With the extremely high surface : volume ratio, surface function-
alization becomes a key issue in the endeavor to better understand NP structure-function
and structure-toxicity relationship and to explore their unique properties for applications
in areas such as material science, biology and medicine. A particularly important aspect
related to surface properties is the need for reliable and cost-effective approaches to sta-
bilize and disperse single NPs. Only then can their unique, size-dependent properties be
explored, controlled and utilized.

One possibility to appropriately modify NP surfaces is to graft low molecular weight
dispersants to these surfaces. Such dispersants typically consist of an anchor which is
covalently linked to a spacer. Stabilization of NPs with low molecular weight disper-
sants relies on high affinity anchors that firmly bind spacers and functionalities to the NP
surface at high density. Nevertheless, systematic studies comparing the performance of
anchors to graft molecules to magnetite (FezO4) NPs are missing. Therefore, iron ox-
ide NPs stabilized with low molecular weight are often reported to agglomerate under

physiological conditions [1].
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Iron Oxide Core Synthesis

The binding affinity of dispersants greatly depends on the NP surface chemistry. To in-
terrogate the influence of dispersants on NP stability, it is therefore of primary interest
to control the core stoichiometry, surface chemistry and size. To this end, in chapter 3]
different approaches to synthesize Fe3O4 NPs were taken, namely aqueous precipitation
and non-aqueous sol-gel methods using either microwave (MW) or oil bath heating for
nucleation and growth of the NPs. While the core size can be controlled if NPs are syn-
thesized by non-aqueous sol-gel methods, it is difficult to tune if NPs are synthesized by
aqueous precipitation. However, iron oxide NPs synthesized in the MW for maximally 1
h had a bimodal size distribution. In contrast, NPs grown in the oil bath for 24 h were
monomodally distributed. Therefore, from the synthesis methods investigated in this the-
sis, the non-aqueous sol-gel method where NPs were nucleated and grown in the oil bath

allowed the closest control over the core size and its distribution.

Influence of the Dispersant Anchor on Nanoparticle Stability

To assess the suitability of dispersants to sterically stabilize Fe304 NPs, dispersants were
grafted to Fe304 NPs with core radii between 2.5 and 6 nm and with varying degrees
of polydispersity. A set of 8 different catechol-derived anchors were compared regard-
ing their suitability as dispersant anchors. For this purpose, catechol derived anchors
were covalently linked to a linear poly(ethylene) glycol (PEG) spacer. Dispersant bind-
ing reversibility and therefore NP stability was investigated with temperature-dependent
dynamic light scattering (DLS) measurements and complemented with DLS experiments
where excessive dispersants were repeatedly removed. Furthermore, NP stability was
correlated with the dispersant packing density on the surface of NPs. It was found that
electronegative substituents, namely NO;-substituents on the aromatic ring of catechols
greatly enhance the binding affinity of such anchors towards Fe3O4 surfaces. This lead to
perfect long-term NP stability in physiologic buffers and at temperatures up to 90°C. Fur-
thermore, NP stability was demonstrated to increase with increasing dispersant packing
density. Thus, NPs stabilized with PEG-nitrocatechol dispersants exhibited the highest

dispersant packing density and dispersion stability.
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catechol

Figure 1: Cartoon of different anchors adsorbed on iron oxide NPs. Iron oxide NPs stabilized with disper-
sants that contain low binding affinity anchors such as catechols are unstable due to reversible dispersant
adsorption. Iron oxide NPs stabilized with anchors that have a too high binding affinity such as mimo-
sine are unstable because mimosine gradually dissolves NPs resulting in mimosine/Fe>* complexes. If the
binding affinity of anchors is optimal, NPs are stable even under dilute physiologic conditions and up to
temperatures of 90°C. This is the case e.g. for dispersants containing nitrocatechols as anchors.

Electronic Interactions of NitroDOPA with Fe3;04 Surfaces

The underlying chemical reactions responsible for the different binding affinities of chem-
ically similar anchors were elucidated with electron paramagnetic resonance (EPR) spec-
troscopy and complemented with Fourier transform infrared (FTIR) and UV/VIS spec-
troscopy measurements. Nitrocatechols were found to adsorb to surface-confined Fe(II)
ions resulting in a strong electron delocalization between the catechol’s delocalized IT*
orbitals and surface Fe(II). This resulted in an increased electron density in nitrocatechol
and an electron depletion at the coordinating iron ion which then appeared as Fe3* in
EPR. This strong electron delocalization is responsible for the close to optimal binding
affinity of nitrocatechols to Fe304 surfaces. However, it also became clear that binding
affinity should not be maximized. A too high binding affinity of anchors to the metal ion
leads to gradual NP dissolution, as was shown for mimosine which has a very high com-
plexation constant towards Fe3* ions. Therefore should binding affinities be optimized
such that they are high enough to prevent dispersant desorption but below the threshold
where NPs start to dissolve (Figure I)).
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Influence of the PEG Molecular Weight on Nanoparticle Stability

After anchors that firmly bind molecules to Fe304 surfaces were discovered, the influ-
ence of the PEG molecular weight (M,,) on NP stability, packing density and dispersant
density profile was investigated with DLS, small angle neutron scattering (SANS) and
thermogravimetric analysis (TGA). PEG M,,s between 5 kDa and 10 kDa were found to
be optimal for achieving good long-term NP stability up to 90 °C. DLS measurements
indicated that NPs coated with dispersants which had a PEG M,, < 1.5 kDa agglomer-
ated under physiologic conditions. These experimental results were well in agreement
with theoretical calculations of inter-particle potentials. If the PEG molecular weight was
higher than 10 kDa, the dispersant packing density was below the threshold where NPs
start to agglomerate. Thus, not only the anchor but also the dispersant molecular weight

has to be optimized.

Iron Oxide Nanoparticle Functionalization

Different strategies to functionalize individually stabilized iron oxide NPs were com-
pared. A monolayer of neutravidin was assembled on biotin-presenting iron oxide NPs.
Subsequently, these NPs were functionalized with two different biotinylated antibodies.
This biotin-avidin functionalization strategy worked well if NPs were used directly after
they had been assembled in dilute conditions. However, NPs started to crosslink if func-
tionalized at higher concentrations or if they were stored for prolonged times.

Alternatively, antibodies were covalently linked to acrylate presenting NPs through dif-
ferent coupling reactions. Similarly to what was observed for the functionalization of NPs
through the biotin-avidin strategy, NPs started to crosslink during the covalent coupling of
antibodies which have multiple amine groups per molecule. However, NPs could readily
be functionalized with fluorophores that contained exactly one amine group per molecule.
This was achieved by covalently coupling the amine containing fluorophores to acrylate
presenting NPs. It resulted in individually stabilized dual labeled contrast agents which

were detectable with magnetic resonance imaging (MRI) and fluorescence microscopy.

Assembly of Iron Oxide Nanoparticles into Thermoresponsive Superstructures

Iron oxide NPs can be used as actuators to locally produce heat if subjected to an alter-

nating magnetic field (AMF). Inserted into a thermoresponsive vesicular structure, the
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Figure 2: Cartoon of iron oxide NPs assembled in the liposome membrane. Individually stabilized hy-
drophobic NPs spontaneously assembled into the hydrophobic part of the liposome membrane. These NPs
can be used as actuators to trigger release if subjected to an alternating magnetic field. Liposomes were
sterically stabilized with PEG to prevent agglomeration if they are stored in the gel phase (T < T;,) and to
provide stealth properties in vivo.

through NP produced heat can be used to trigger release of cargo that had been encap-
sulated in liposomes. Release will be more efficient if NPs are directly inserted into the
thermoresponsive structure. Controlled and stable assembly of NPs into the hydrophobic
core of thermoresponsive lipid membranes can only be achieved for NPs with a hydropho-
bic shell and of sufficiently small size. High affinity anchors pave the way to assemble
an irreversibly bound monolayer of palmityl-nitroDOPA on the FezO4 NP surface. Such
individually stabilized hydrophobic NPs were shown to spontaneously assemble into the
hydrophobic core of membranes of liposomes (Figure [2).

Liposomes consisting of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) lipids in-
corporating 2.5 nm core radius NPs in their membrane were prepared through extrusion.
The structure of liposomes and the membrane distortions caused by the iron oxide NPs
assembled therein, were studied with SANS. Despite that iron oxide NPs significantly
distorted the membranes, the membrane phase transition temperature (7;,), determined by
differential scanning calorimetry (DSC), was not affected by the presence of iron oxide
NPs.

DSPC was chosen because of its 7;, of 55 °C which is well above the body temperature.
Liposomes are highly impermeable in the gel phase (T < 7;,,) but become permeable at T’

~ T,,. Application of an AMF could therefore be used to raise the temperature locally in
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the liposome membrane, where iron oxide NPs were embedded, to 7, to release cargo. It
was indeed shown that release of encapsulated calcein could be more efficiently triggered
if hydrophobic NPs were embedded in the liposome membrane rather than if hydrophilic
NPs were encapsulated in the liposome lumen.

A comparison between palmityl-nitroDOPA stabilized and oleic acid coated iron oxide
NPs revealed that a thin, irreversibly bound hydrophobic dispersant shell surrounding
Fe304 cores also at elevated temperatures was key to this performance. DLS measure-
ments performed before and after exposure of liposomes hosting iron oxide NPs in their
membrane revealed that liposomes remained intact during the AMF treatment. Thus,
cargo could be gradually released by applying multiple short AMF pulses, which de-
creased heating of bulk water. In addition to close control over the time and rate at which
encapsulated cargo can be delivered, these vesicles thus also allow to efficiently release
cargo at bulk temperatures significantly below 7,,,. This renders FezO4 NPs functionalized
liposomes very attractive delivery vehicles to ferry both, drugs and chemical reagents to

desired locations.

Impact of Controlled Surface Modification on Applications

Both the results on functionalized, individually stabilized hydrophilic NPs and on em-
bedded hydrophobic NPs for actuation of liposome membranes demonstrate that high-
performance NP applications can only be realized if the NP surface can be modified in a
controlled way. Therefore, suitable anchors that firmly bind spacers and functionalities
to NP surfaces open up a multitude of possibilities to design multifunctional NPs which
meet stringent requirements regarding stability, size and surface functionality. As demon-
strated in this thesis they create the opportunity to design NPs and smart materials for so

far unobtainable applications.



Zusammenfassung

Viele Materialeigenschaften veridndern sich und werden grossenabhingig, wenn die Di-
mensionen von der Mikro- in die Nanometer Grossenskala verkleinert werden. Die resul-
tierenden einzigartigen Eigenschaften machen Nanomaterialien attraktiv fiir die Grundla-
genforschung und zahlreiche Anwendungen. Ein bedeutendes, aber auch herausfordern-
des Beispiel solcher Nanomaterialien sind Nanopartikel. Durch das hohe Verhiltnis der
Oberflache zum Volumen wird die Oberflichenfunktionalisierung zentral fiirs Bestreben
zum besseren Verstindnis des Einflusses der Struktur auf die Funktion und Toxizitét. Zu-
satzlich ist eine kontrollierte Oberflaichenmodifizierung Voraussetzung, damit die speziel-
len Materialeigenschaften von Nanopartikeln in Bereichen wie der Materialwissenschaft,
Biologie und Medizin zum Tragen kommen. Von besonderer Bedeutung ist die rasch zu-
nehmende Nachfrage nach einer kontrollierten, kostengiinstigen Moglichkeit, die Nano-
partikel individuell stabilisieren und dispergieren zu konnen. Nur so konnen die speziellen
Materialeigenschaften von Nanopartikeln erforscht, kontrolliert und gezielt ausgeschopft
werden.

Geladene Nanopartikel konnen elektrostatisch stabilisiert werden, falls diese Nanoparti-
kel in wiassrigen Losungen mit niedrigen Salzkonzentrationen dispergiert werden. Wenn
Nanopartikel aber iiber weite pH Bereiche oder in Losungen mit hohen Salzkonzentratio-
nen dispergiert werden sollen, miissen sie sterisch stabilisiert sein.

Ein grosses Anwendungsgebiet von Nanopartikeln ist die Biomedizin. Vor allem fiir die
biomedizinischen Anwendungen miissen Nanopartikel auch unter hohen Salzkonzentra-
tionen stabil sein. Diesen hohen Anforderungen konnen nur sterisch stabilisierte Nano-
partikel gerecht werden. Eine gute Kontrolle iiber die Oberflichenchemie erlaubt es, zu-
satzlich zur Nanopartikelstabilitdt die Nanopartikelladung und die Art und Dichte von
funktionellen Gruppen, die an der Nanopartikeloberflache priasentiert werden, an die ent-
sprechende Anwendung anzupassen. Diese Faktore sind von grosser Bedeutung fiir in vi-

vo Anwendungen, weil sie die Zirkulationszeit und die Route, auf der diese Nanopartikel
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ausgeschieden werden, bestimmen. Deshalb ist es entscheidend, Protokolle zu etablieren,
die eine kontrollierte, experimentell einfache, vielseitige und kostengiinstige Modifizie-
rung der Nanopartikeloberflichen erlauben.

Ein Ansatz dieses Ziel zu erreichen ist die Adsorption von Detergenzien auf der Nanopar-
tikeloberflache. Diese konnen aus Ankern bestehen, die kovalent mit Platzhaltermolekii-
len verbunden sind. Die Strategie der Oberflichenmodifizierung von Nanopartikeln durch
niedermolekulare Detergenzien beruht auf Ankern, die Platzhaltermolekiile irreversibel
auf die Nanopartikeloberfliche anbinden. Trotz der Wichtigkeit der Anker zur Stabilisie-
rung und Funktionalisierung von Magnetit (FezO4) Nanopartikeln wurde bisher, unse-
res Wissens, keine umfassende Studie verfasst, die die Tauglichkeit von verschiedenen
Ankern vergleicht. Weil oft suboptimale Anker zur Stabilisierung von Eisenoxidnano-
partikeln verwendet werden, agglomerieren solche Nanopartikel unter physiologischen

Bediungungen [1]].

Eisenoxidnanopartikel Synthese

Die Bindungsaffinitit von Ankern hingt stark von der Stochiometrie der Oberfliche der
Nanopartikeln ab. Soll der Einfluss von Ankern auf die Nanopartikelstabilitéit erforscht
werden, muss sichergestellt sein, dass die Stochiometrie der Nanopartikeloberfliche fiir
alle Chargen gleich ist. Zudem sollten Detergenzien, die kommerziell erhiltlichen Nano-
partikeln zur besseren Handhabung oft zugesetzt werden, vermieden werden.

Um eine bessere Kontrolle iiber diese Parameter zu bekommen, wurden im Rahmen die-
ser Dissertation Eisenoxidkerne auf verschiedene Arten synthetisiert, namentlich durch
Féllungsreaktionen aus wéssrigen Losungen und durch Sol-Gel Methoden. Nanopartikel,
die mittels letzteren Verfahrens hergestellt wurden, entstanden in organischen Losungs-
mitteln durch Zersetzungsreaktionen von Prikursoren bei erhohten Temperaturen, indem
entweder mittels Mikrowellen oder im Olbad geheizt wurde. Die Grosse der Nanopartikel,
die durch Fillungsreaktionen in wéssrigen Losungen entstanden, war schwierig zu kon-
trollieren, im Gegensatz zu Eisenoxidnanopartikeln die mittels Sol-Gel Methoden in or-
ganischen Losungsmitteln synthetisiert wurden. Nanopartikel die mittels der Mikrowelle
wihrend maximal 1 h geheizt wurden, zeigten eine bimodale Kerngrossenverteilung. Dem
gegeniiber stehen Nanopartikel, die im Olbad produziert wurden und sich als monodispers
erwiesen. Von den untersuchten Synthesemethoden erlaubte somit die nichtwissrige Sol-
Gel Route, bei der Nanopartikel im Olbad synthetisiert wurden, die beste Kontrolle iiber

die Kerngrosse und Kerngrossenverteilung.
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Einfluss des Ankers auf die Nanopartikelstabilit:t

Um die Tauglichkeit von verschiedenen Detergenzien zu vergleichen, wurden Detergen-
zien auf frisch synthetisierte Eisenoxidnanopartikel mit Radien zwischen 2.5 nm und 6
nm adsorbiert. Weil erwartet wird, dass die Anker der Detergenzien einen entscheidenen
Einfluss auf die Nanopartikelstabilitit haben, wurde zuerst dieser Einfluss untersucht. Die
Tauglichkeit von 8 unterschiedlichen Catecholderivaten als Anker fiir die Stabilisierung
von Eisenoxidnanopartikeln wurde verglichen. Zu diesem Zweck wurden die Catecholde-
rivate kovalent zu Poly(ethylen glykol) (PEG) gebunden. Die Nanopartikelstabilitit und
Bindungsreversibilitit der Detergenzien wurden unter anderem mit temperaturabhéingigen
dynamischen Lichtstreumessungen bestimmt. Zusétzlich wurde die Nanopartikelstabilitit
mit der Packungsdichte der Detergenzien auf den Nanopartikeloberflichen korreliert. Da-
bei stellte sich heraus, dass das Einfiihren eines elektronegativen Substituenten, wie z.B.
einer NO,-Gruppe, direkt in den aromatischen Catecholring zu einer viel besseren Haf-
tung dieser Anker auf Eisenoxidoberflichen fiihrt, als das fiir unsubstituierte Catechole
der Fall ist. Das zeigte sich in einer deutlich hoheren Eisenoxidnanopartikelstabilitiit un-
ter physiologischen Bedingungen und bis zu Temperaturen von 90°C. Zusitzlich konnte
gezeigt werden, dass die Nanopartikelstabilitdt mit der Detergenzienpackungsdichte kor-
reliert. Deshalb waren Eisenoxidnanopartikel, die mit PEG-Nitrocatecholen stabilisiert
wurden, unter phyisologischen Bedingungen deutlich stabiler als Nanopartikel, die mit

PEG-Catecholen oberflichenmodifiziert waren.

Elektronische Interaktionen von Nitrocatecholen mit Eisenoxidoberflichen

Die zugrunde liegenden chemischen Reaktionen, die fiir die stiarkere Bindung von elektro-
negativ substituierten Ankern auf Eisenoxidoberflachen verantwortlich sind, wurden mit-
tels Elektronen-Paramagnetischen-Resonanz-Spektroskopie, Fouriertransformation Infra-
rot Spektroskopie und UV/VIS Spektroskopie niher untersucht. Dabei wurde festgestellt,
dass Nitrocatechole zuerst auf oberflichengebundenen Fe(II) binden. Das ruft eine starke
Elektronendelokalisation zwischen dem delokalisierten IT*-System von Nitrocatecholen
und an der Oberfldchen gebundenem Fe(II) hervor. Daraus resultiert eine erhchte Elektro-
nendichte im Nitrocatechol Ring und ein Elektronenmangel am koordinierten Eisenion.
Das Letztere zeigte sich in der Elektron-Paramagnetischen-Resonanz-Spektroskopie als
Fe3*-Signal. Diese starke Elektronendelokalisation ist fiir die verglichen mit den unsub-

stituierten Catecholen erhohte Bindungsaffinitit der Nitrocatechole zu Eisenoxidoberfld-
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catechol

Abbildung 1: Sketch von Eisenoxidnanopartikeln die mit Detergenzien stabilisiert wurden, die verschiede-
ne Anker haben. Eisenoxidnanopartikel, die mit Detergenzien stabilisiert wurden, die einen Anker haben,
der eine tiefe Affinitit zu Fe304 Oberflachen hat, agglomerieren, weil die Detergenzien reversibel adsor-
bieren. Eisenoxidnanopartikel, die mit Detergenzien stabilisiert sind, die einen Anker haben, der zu stark
bindet, sind unstabil weil der Anker die Nanopartikel auflost. Dabei werden Anker/Fe®* Komplexe gebildet.
Nur wenn Fe3 04 Nanopartikel mit Degergenzien mit Ankern stabilisiert sind, die eine optimale Affinitéit zu
Fe304 haben, bleiben sie stabil unter verdiinnten, physiologischen Bedingungen und bis zu Temperaturen
von 90 °C. Nitrocatechol Anker erfiillten diese Kriterien.

chen verantwortlich.

Es stellte sich aber heraus, dass die Bindungsaffinitit der Anker nicht maximiert wer-
den sollte. Eine zu hohe Bindungsaffinitit fiihrt zu einer kontinuierlichen Auflésung der
Eisenoxidnanopartikeln unter Bildung von Anker/Fe3*-Komplexen. Das wurde bei Mi-
mosin Ankern beobachtet. Die Bindungsaffinitit von Ankern muss dementsprechend op-
timiert werden. Sie sollte gross genug sein, um eine reversible Adsorption von Detergen-
zien zu verhindern, aber unterhalb der Limite bleiben, bei welcher Anker Eisenoxidnano-

partikel aufzulosen beginnen (Abbildung T)).

Einfluss vom PEG Molekulargewicht auf die Nanopartikelstabilitit

Nachdem Anker gefunden wurden, die Molekiile irreversibel auf Eisenoxidnanopartikelo-
berflichen anbinden konnen, wurde der Einfluss des PEG Molekulargewichts auf die

Nanopartikelstabilitit, die Detergenzienpackungsichte und das Detergenziendichteprofil
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mittels dynamischer Lichtstreuung, Kleinwinkel-Neutronenstreuung und Thermogravi-
metrie untersucht. Dabei stellte sich heraus, dass Detergenzien, die PEG mit Moleku-
largewichten zwischen 5 kDa und 10 kDa enthalten, zu hochster Nanopartikelstabilitit
fiihren. Dynamische Lichtstreumessungen haben gezeigt, dass Nanopartikel, die mit De-
tergenzien oberflichenmodifizert wurden, die PEGs mit Molekulargewichten unterhalb
von 1.5 kDa beinhalten, unstabil sind. Diese experimentellen Ergebnisse stehen in Ein-
klang mit theoretischen Berechnungen von Potentialen zwischen zwei Partikeln. Wenn
das PEG Molekulargewicht 10 kDa iiberschreitet, ist die Detergenzienpackungsdichte zu
gering, was auch zur Agglomeration von Nanopartikeln fiihrt. Deshalb muss nicht nur der
Anker, sondern auch das PEG Molekulargewicht optimiert werden, um eine gute Nano-

partikelstabilitét erzielen zu konnen.

Funktionalisierung von Eisenoxidnanopartikeln

Weil solche Detergenzien mit dem Anker an die Nanopartikeloberfliche binden, werden
die Endgruppen der Platzhaltermolekiile grossteils in der Ndhe der Grenzfliche der Nano-
partikeln mit der fliissigen Phase sein. Deshalb kann die Funktionalitit der Nanopartikel
durch Anderung der Endgruppe des Platzhalters beliebig angepasst werden. Unterschied-
liche Methoden, Nanopartikel mit Antikorpern zu funktionalisieren, wurden miteinander
verglichen.

Biotin-prasentierende Eisenoxidnanopartikel wurden mit einer Monolage von Neutravi-
din beschichtet. Solche Nanopartikel wurden mit zwei verschiedenen biotinylierten An-
tikorpern funktionalisiert. Diese Strategie war erfolgreich, wenn die Nanopartikelkon-
zentration tief gehalten und die Nanopartikel gleich nach der Funktionalisierung getestet
wurden. Andernfalls begannen sich solche Nanopartikel iiber die verschiedenen Biotine,
die an einem Antikorper angebunden sind, zu vernetzen. Das Vernetzen fithrte zu einem
Verlust der Kontrolle iiber Grosse und Stabilitédt dieser Nanopartikeln.

Als Alternative wurden Antikorper iiber Amin-Gruppen kovalent an Acrylat-
prasentierende Nanopartikel gebunden. In Analogie zu den Nanopartikeln, die via die
Biotin-Avidin Bindungsstrategie funktionalisiert wurden, fiihrte auch das kovalente An-
binden von Antikorpern an Nanopartikel wegen den zahlreichen Amin Gruppen, die ein
Antikorper besitzt, zur Vernetzung der Nanopartikeln.

Hingegen konnten Acrylat-prdsentierende Nanopartikel mit Fluorophoren funktionali-
siert werden. Weil Fluorophore nur eine Amingruppe pro Molekiil besitzten, vernetzten

sich Nanopartikel wihrend der Funktionalisierung nicht. Die resultierenden Nanopartikel
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Abbildung 2: Sketch von Eisenoxidnanopartikeln eingebettet in der Membran von Liposomen. Individuell
stabilisierte Eisenoxidnanopartikel ordnen sich im hydrophoben Teil der Liposommembran an. Diese Eisen-
oxidnanopartikel konnen als Aktuator fiir eine kontrollierte Freisetzung von Cargo genutzt werden, wenn
die Liposome einem alternierenden magnetischen Wechselfeld ausgesetzt werden. Die Liposome wurden
mit PEG sterisch stabilisiert damit sie nicht agglomerieren, wenn sie unterhalb ihrer Phasentransformati-
onstemperatur (7},) aufbewahrt werden.

konnten sowohl mit Magnetresonanz Spektroskopie als auch mit Fluoreszenzmikroskopie

visualisiert werden.

Anordnung von Eisenoxidnanopartikeln in Uberstrukturen mit temperaturabh:in-

gigen Eigenschaften

Eisenoxidnanopartikel generieren lokal Warme, wenn sie einem alternierenden magneti-
schen Wechselfeld ausgesetzt sind. Wenn sie in Vesikel eingebettet sind, deren Permeabi-
litdt temperaturabhiingig ist, kann die durch Eisenoxidnanopartikel lokal generierte Wir-
me zur Freisetzung von Cargo genutzt werden. Dabei wird Cargo effizienter freigesetzt,
wenn die Eisenoxidnanopartikel direkt in der temperaturabhédngige Struktur lokalisiert
sind. Eine kontrollierte und stabile Anordnung von Eisenoxidnanopartikeln in Vesikel-
Membranen kann nur sichergestellt werden, wenn die Nanoprtikel geniigend klein sind
und vorgédngig mit einer irreversibel gebundenen, diinnen hydrophoben Schale bedekt
wurden. Die optimale Bindungsaffinitit von Nitrocatecholen zu Fe3zO4 Oberflichen er-
moglichen es, eine Monolage von hydrophoben Detergenzien wie Palmityl-nitroDOPA

irreversibel auf die Nanopartikel-Oberflache zu binden. Es wurde gezeigt, dass sich solch
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individuell stabilisierte hydrophobe Nanopartikel in den hydrophoben Teil von Liposom-
membranen anordnen (Abbildung 2).

Liposome, die aus 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) Lipiden bestan-
den und hydrophobe Eisenoxidnanopartikel in ihrer Membran hatten, wurden durch Ex-
trusion hergestellt. Die Liposomstruktur und das Ausmass der Membrandeformation, die
durch die Eisenoxidnanopartikel hervorgerufen wurde, wurden mit dynamischer Licht-
streuung und Kleinwinkel-Neutronenstreuung untersucht. Mittels Differentkalorimetrie-
messungen wurde festgestellt, dass trotz grosser Deformationen der Liposommembran
die Liposomphasentransformationstemperatur (7;,) durch die Prisenz der Eisenoxidna-
nopartikel in der Liposommembran nicht beeinflusst wurde.

DSPC wurde wegen seiner 7,,, von 55 °C, die deutlich iiber der Korpertemperatur ist, ge-
wihlt. Wihrend Liposome in der Gelphase (T < T,,) undurchlissig sind, sind sie um 7;,
herum sehr permeabel. Deshalb konnte mittels eines alternierenden magnetisches Wech-
selfelds die Temperatur lokal in der DSPC Membran, wo Eisenoxidnanopartikel lokali-
siert waren, durch diese Nanopartikel zu 7, erwdarmt werden wo Cargo frei gesetzt wurde.
Es wurde gezeigt, dass die Freisetzung von Calcein effizienter war, wenn die hydrophoben
Eisenoxidnanopartikel in der Membran angeordnet waren, also das fiir Magnetoliposome
der Fall war, die hydrophile Eisenoxidnanopartikel in ihrem Lumen hatten.

Um zu untersuchen, ob Cargo wirklich mittels alternierendem magnetischen Wechsel-
feld freigesetzt werden kann, wurde Calcein als Modellmedikament in das Liposomlu-
men geladen. Ein Vergleich zwischen palmityl-nitroDOPA und 6lsédure stabilisierten Ei-
senoxidnanopartikeln hat gezeigt, dass eine diinne, irreversibel gebundene hydrophobe
Detergenzienschale, die die Eisenoxidnanopartikel einzeln und auch bei erhohten Tem-
peraturen stabilisiert, der Schliissel zur verbesserten Effizienz der Freisetzung von Cargo
aus solchen Liposomen ist. Das ist darauf zuriickzufiihren, dass Nanopartikel, die in der
Membran eingebettet sind, die lokal generierte Wiarme direkt an die Membran abgeben,
ohne das Wasser aufwédrmen zu miissen.

Dynamische Lichtstreumessungen, die an Liposomen gemessen wurde, bevor und nach-
dem sie einem alternierenden magnetischen Wechselfeld ausgesetzt waren, zeigten, dass
Liposome auch nach der Exposition zum magnetischen Wechselfeld noch intakt sind.
Weil nach dem Abschlalten des alternierenden magnetischen Feldes kein Cargo mehr frei-
gesetzt wurde, konnte Cargo schrittweise freigesetzt werden, indem Liposome, die Eisen-
oxidnanopartikel in ihrer Membran haben, mehrmals fiir kurze Zeit einem alternierenden
magnetischen Wechselfeldpuls ausgesetzt wurden. Solche Kapseln erlauben deshalb eine

zeitlich und mengenmassig kontrollierte Abgabe von Cargo, ohne dass die Wassertem-
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peratur 7, erreicht. Das macht diese Kapselsysteme fiir biomedizinische und chemische

Anwendungen attraktiv.

Der Einfluss einer kontrollierten Oberflichenmodifikation von Eisenoxidnanoparti-

keln auf deren Anwendung

Die Resultate der funktionlisierten, individuell stabilisierten, hydrophilen Nanopartikel
und der hydrophoben Nanopartikel, die in Liposommenbranen eingebettet waren, haben
zeigt, dass leistungsstarke, spezialisierte Anwendungen von Eisenoxidnanopartikeln nur
realisiert werden konnen, wenn die Nanopartikel mit einer diinnen, irreversibel gebunde-
nen Detergenzienschale umgeben sind. Des Weitern illustrieren diese Beispiele die Wich-
tigkeit des Ankers fiir die Oberflichenmodifizierung von Eisenoxidnanopartikeln. Es ist
nur moglich, die Nanopartikel an die spezifischen Anwendungen anzupassen, wenn die
Chemie und Funktionalitit an der Nanopartikeloberfliche genau kontrolliert werden kon-
nen. Wie in dieser Doktorarbeit gezeigt, eroffnen geeignete Anker, die Platzhaltermolekii-
le und funktionelle Gruppen irreversibel an die Eisenoxidnanopartikeloberfliche binden
konnen die Moglichkeit, neue, frither nicht umsetzbare Anwendungen von hydrophilen

und hydrophoben Eisenoxidnanopartikeln realisieren zu konnen.
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CHAPTER 1

Background

Colloids, defined as microscopic gas, liquid or solid objects dispersed in a gas, liquid or
solid matrix, are omni-present in our daily life. Examples of well-known colloids are
clouds, consisting of solid particles dispersed in a gaseous matrix, emulsions, such as
mayonnaise, milk or hand creams that are liquid microscopic droplets dispersed in a lig-
uid medium. Thus, colloids are essential for our daily life.

If the size of colloidal particles is decreased to or below 100 nm, these particles are called
nanoparticles (NPs). The concept of NPs is in the general public, in contrast to the above
mentioned general term "colloid", rather negatively connoted. This negative sentiment
has been fueled by concerned reports about their toxicity and negative impact on our
health that were broadcasted by the general media.

The question about long term toxicity of NPs is still not conclusively answered. Never-
theless, solid inorganic NPs are in long term routine use e.g. in sun creams, where 770,
NPs absorb UV light and therefore protect us from sun burn, in inks and in paints. Hence,
even if we are not completely aware of their presence and impact on our daily life, we
greatly benefit from their properties.

Metallic NPs were already used in medieval times for staining glass windows (Fig-
ure [[.Tp). They appeared red if glass was supplemented with Au NPs and yellow if Ag
NPs were added [2]. However, the underlying principles of why Au and Ag additives stain
glass were not unraveled until last century. Today, the underlying reasons for these spe-
cial, often size dependent, properties of nanoobjects are at least partially elucidated. They
however remain a subject of major interest for both, fundamental studies and numerous
applications. The great interest in nanoobject is mainly motivated by the fact, that they

are considered to be one of the keys to significantly advance many technologies in very
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Figure 1.1: Examples of applications of NPs. (a) Plasmonic NPs were used already in medieval times to
stain church windows [[12] (with permission of Annex Publishing & Printing Inc.). (b) Ferrofluids form
peak patterns if an external field is applied perpendicular to the ferrofluid layer [13].

different, for our daily life highly relevant, fields such as building blocks to form dense
[3] and porous [4H6] ceramic structures, to reinforce composites [[7, [8] and as catalysts
[9-11]].

1.1 Size Dependent Material Properties

If the size of films and colloids is reduced from the micro- to the nano-scale, bulk ma-
terial properties often change and become size dependent [[14, [15]. The physical princi-
ples underlying these size dependent changes of material properties usually are based on
quantum physics. However, only with the advent of suitable characterization techniques,
dating back to the development of scanning tunneling microscopes [16] followed by other,
for modern nanoscience indispensable, characterization instruments and techniques, fun-

damental studies of these size dependent properties became scientifically accessible.

1.1.1 Nanoparticle Size Effects
Optical Properties

If the size of nanocrystals becomes comparable to the wavelength of the wave function
of electrons, optical and electronic properties of metallic and semiconducting NPs start
to deviate from those observed in bulk materials and become size dependent [17-19]. In
these materials, electrons have been found to not behave as in metallic or semiconducting
bulk materials, but show a quantum state behavior as in atoms [20-22]].

If anisotropic metallic nanoobjects, so-called antennas, are illuminated with a plane wave
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Figure 1.2: Magnetization curves. Example magnetization curves of ferro- and ferrimagnetic (-O-) and
superparamagnetic (-m-) materials. While superparamagnetic materials have no net-magnetization at B = 0
T, ferro- and ferrimagnetic materials have a remnance magnetization M,. Only if a corecitive field (B,) is
applied, ferro- and ferrimagnetic materials have a zero net-magnetic moment.

of light along their long axis, the conduction electrons form a polarization field that ac-
cumulates them at the distal end of the antenna (relative to the incident light). Therefore,
the absorption spectra of metallic NPs and nanorods is highly dependent on their size and
shape [23]].

Optical properties of semiconducting nanocrystals, so-called quantum dots (QDs), of a
size comparable to or smaller than the de Broglie wavelength are determined by quantum
confinement effects. The quantization of electron levels in QDs greatly affects the lumi-
nescence spectra of such nanoobjects. Because the energy gap between the valence and
conduction band is dependent on the QD size and shape, luminescent spectra of QDs are

highly sensitive to their size and shape [24-26].

Magnetic Properties

Not only optical properties change if the object size is reduced to the nanoscale, but also
magnetic properties are altered. Ferro-, antiferro- and ferrimagnetic materials consist of
multiple magnetic domains that are separated by domain walls, so-called Bloch walls. The
magnetic response of ferro- and ferrimagnetic bulk materials such as magnetite (Fez0y4)
to externally applied magnetic fields shows hysteresis (Figure [I.2). This hysteresis is
caused by multiple magnetic domains present in bulk ferro- and ferrimagnetic materials.
Spins within one domain are oriented parallel to each other whereas the spin orientation
of different magnetic domains varies. However, if no external magnetic field is applied,

but the ferro- and ferrimagnetic material was once subjected to an external magnetic field
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strong enough to saturate the magnetization of the bulk material, the orientation of spins
in different magnetic domains is no longer equally distributed in all direction. This leads
to a net magnetic moment, a so-called remnant magnetization (M,), even in the absence
of an external magnetic field. Only if a magnetic field in the opposite direction to the pre-
viously aligned magnetic moment is applied (a so-called corecitive field (B.)), will such
a bulk materials have a zero net-magnetic moment (Figure [1.2) [27-29].

The energy required to flip spins aligned in the external magnetic field by 180 °C is for
ferro- and ferrimagnetic materials determined by their remnant magnetization and the
corecitive field and proportional to the area of the hysteresis. Therefore, the heat gener-
ated by such materials if exposed to an alternating magnetic field (AMF) also scales with
the area of the hysteresis [30].

If the size of ferro- and ferrimagnetic objects becomes comparable to or smaller than a
magnetic domain, the energy cost for magnetostatic interactions of parallel aligned spins
becomes smaller than that for creating Bloch walls [30}31]. Thus, these nanoobjects con-
sist of a single magnetic domain. However, the size of a magnetic domain does not have
to equal that of a crystal domain. NPs that consist of a single crystal domain can have
multiple magnetic domains. Thus single crystalline NPs can show ferro- or ferrimagnetic
behavior.

The critical size of a magnetic domain, beyond which multiple magnetic domains are
energetically favorable, is partially determined by the anisotropy constant K of the mate-
rial. This anisotropy constant, that describes how easily spins can be aligned along the
direction of the magnetic field, is typically much higher for NPs compared to their bulk
counterparts. This can be assigned to surface effects that hinder re-alignment of spins
[L1L 2271

NPs consisting of a single magnetic domain show superparamagnetic behavior at temper-
atures higher than the blocking temperature 7. Superparamagnetism is characterized by
an initially almost linear increase of the magnetization of nanoobjects with the externally
applied magnetic field before the magnetization gradually saturates when all spins are
aligned. If the external magnetic field is removed, spins within one NP are oriented in the
same direction whereas the alignment of spins of different NPs is randomized. Therefore,
superparamagnetic NP assemblies have no net-magnetic moment if B = 0 T (Figure [I.2))
(15} 132]].

Next to the phenomenological difference in the magnetic behavior of small, superparam-
agnetic NPs compared to their bulk counterparts, the saturation magnetization M; of the

former is below that of the respective bulk materials. Furthermore, M decreases with
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decreasing core size [33H35]. This decrease was assigned to surface anisotropy effects
[36] that start to become increasingly important with increasing surface : volume ratio
and thus with decreasing NP size.

The magnetization direction of superparamagnetic materials can easily be switched by ap-
plying a static or alternating magnetic field and T > Tp. Tp is blocking temperature above
which spins re-align within a defined time interval 7 of the experiments (equation [I.1]
where Ty is the relaxation time at 7 = 0 K, kp the Bolzman constant, T the absolute tem-
perature, K the magnetic anisotropy constant and V' the NP volume. 7 is typically taken
as 100 s [137].

KV
T = Tpe’s? (1.1)

If an AMF is applied to superparamagnetic NPs, heat can be generated by two pro-
cesses, namely by Brownian and Néels relaxation. While Brownian relaxation generates
heat through friction caused by the Brownian motion and rotation of NPs, Néel relax-
ation causes spins to re-align in the crystal lattice of NPs without movement of NPs and
therefore NP lattices. The contributions of Brownian and Néels relaxations to the total
heat generated by superparamagnetic NPs if subjected to an AMF are determined by the

relative ratio of the respective relaxation times Tp and Ty [38-43]. 7p is defined as

3vVv

B

while 7y is

Nz eksT

IN="F7"TWatt— F—
2 U TRy
kT

where Vv is the viscosity of the medium NPs are suspended in and 7y 5 the attempt

(1.3)

time, which is typically ~ 10~ s for NPs [[15} 31]. The total relaxation time 7 is defined

as

— e — . (1.4)
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1.1.2 Effects of a High Surface : Volume Ratio

The high surface : volume ratio of NPs not only influences their magnetic properties.
Material properties such as the melting temperatures of metals [44] and semiconductors
[14] drastically decreases with decreasing NP size [45]. The depression of the melting
temperature was assigned to the increasing contribution of energetically more expensive
surface atoms to the total number of atoms with decreasing size of nanoscale objects [[14]].
Yet another example where the high surface : volume ratio of nanoobjects greatly impacts
their material properties is the equilibrium crystal phase. Nanoscale objects can have dif-
ferent equilibrium phases at room temperature compared to the respective bulk materials.
Prominent examples are Al, O3 [46] and ZrO; [477, 48] NPs that are in a metastable phase
at room temperature compared to bulk materials. Furthermore, for very small NPs (~ 5
nm) diamond has been reported to be more stable than graphite [49]].

The change of the equilibrium phase of these materials is based on the very different sur-
face : volume ratios of bulk materials and NPs respectively, as exemplified on Al,Os.
a-Al> O3 has a lower bulk and higher surface energy compared to y-Al, O3 [46]. Thus, the
high surface : volume ratio of NPs renders the y-Al,O3 the energetically most favorable

phase for NPs whereas a-Al> O3 is energetically least expensive for bulk materials [46].

1.2 Applications of Optically Active Nanoparticles

1.2.1 Optically Active Nanoparticles as Antennas

If composites consisting of responsive materials are supplemented by optically active,
semiconducting or metallic NPs, the latter can serve as actuators and locally couple and
amplify externally applied electromagnetic fields. These NPs can thus actuate smart com-
posites [S0]]. Alternatively, if such NPs are not embedded in a composite matrix but indi-
vidually dispersed or arranged on a substrate, they can be exploited as antennas to locally
generate heat [S1,152] or to e.g. harvest energy which is released to drive photosynthetic

reactions [53]].
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1.2.2 Biomedical Applications of Optically Active Nanoparticles

The plasmonic properties of noble metal NPs and nanorods render these nanostructures
interesting as a diagnostic tool and for cancer therapy [54) 55]. As described above,
the sensitivity can be increased many times if objects under investigation, such as flu-
orescently labeled proteins, are brought in close proximity to metallic NPs [52]. Field
enhancements caused by plasmonic NPs are thought to increase the detection sensitiv-
ity e.g. of precursors for progressing diseases. This would greatly increase the chances
to cure such diseases at early stages. Furthermore, the heat locally generated upon illu-
mination of gold nanoshells was shown to improve the response to radiation therapy of
peripheric cancerogenic cells in vivo [S6, 57].

However, light in the visible range is strongly absorbed by tissues [38, 59]. Thus, appli-
cations of NPs < 50 nm [60], that require to be excited outside the optically transparent
window of tissues (~ 600 - 1000 nm) [58, 59|, are restricted to peripheral locations in the
body.

1.3 Applications of Magnetic Nanoparticles

1.3.1 Data Storage

Self-assembled, alloyed e.g. FePt NPs are considered to be essential parts of future data
storage devices possessing unsurpassed storage density. If such NPs are self-assembled,
their spins align. Because alloyed FePt NPs are magnetically hard, meaning they do not
easily loose the magnetization upon removal of the external magnetic field, such devices

were shown to have a high data storage capacity [01,162].

1.3.2 Ferrofluids Dispersed in Organic Solvents

Applications of ferrofluids, based on magnetic NPs with diameters ranging from 4 nm
up to a few um, dispersed in organic solvents, were recognized more than 30 years ago
(Figure [I.Tb). The interest in ferrofluids for a broad field of applications did not cease
until now. Ferrofluids are used as hermetic seals, as damper to protect sensitive parts of
machines e.g. in the textile industry, in robots and machine tools, they are applied in

pumps, as valves, bearings and in loudspeakers [63,64]].
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Water Purification

Thanks to their high surface : volume ratio, surface modified, magnetic NPs with diam-
eters between 10 and 50 nm, suspended in water, are used to magnetically remove toxic

impurities from water [65, 60].

1.3.3 Biomedical Applications of Magnetic Nanoparticles

In the biomedical field, magnetic NPs are primarily applied in vivo as diagnostic tools
such as magnetic resonance (MR) contrast agents, in therapeutics for hyperthermia appli-
cations and as triggers in drug delivery vehicles. Additionally, the ability to magnetically
manipulate them allows for in vitro tracking and separation of cells and proteins labeled
with magnetic NPs [67].

However, these applications rely on non-toxic NPs. Independent on the composition, the
high surface : volume ratio of NPs not only affects physical properties as was outlined
above, but it has also spawned an ongoing debate about NP toxicity [68]. For example,
surface atoms from NPs are thought to potentially abstract electrons from O, creating
superoxide radicals [69]. Despite the lack of consensus about nanotoxicity issues, espe-
cially iron oxide NPs are routinely used in clinics for in vivo applications [67]].

The lower concerns about toxicity for in vivo applications of iron oxide NPs [67, [70, [71]
are mainly related to their comparably fast decomposition and clearance in the body
through dissolution into Fe3* ions under acidic conditions [13, [72]. The resulting Fe3*
ions can be fed into the natural iron storage which is 3-5 g iron for an adult human [[15,[72].
Thus the additional amount of iron released from dissolved iron oxide NPs is negligible if
iron oxide NP concentrations in the mg range are injected. In contrast, many other mag-
netic materials, such as Co, have higher M; compared to iron oxide and would therefore
respond more strongly to externally applied magnetic fields, but are toxic. Therefore, the
vast body of diagnostic [/0, [73] and therapeutic [/4-77] applications of magnetic NPs
relies on iron oxide NPs.

Biomedicine is one of the important fields of applications for NPs where advanced, sur-
face engineered NPs are key both, for diagnostic and therapeutic purposes. Because of

the importance of these application areas of NPs, they are discussed in the following.
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1.4 Biomedical Applications: Diagnostics

Chances to cure severe diseases such as cancer or atherosclerosis drastically decrease with
increased progression of such often lethal diseases. Therefore, an early and reliable diag-
nosis is of paramount importance. For this purpose, different diagnostic techniques have
been developed and optimized in the past. However, the continued demand for improved
sensitivity and spatial resolution of diagnostic tools motivated the development of addi-
tional improvements such as contrast agents [[15,/78]]. In the following, the clinically most

often used diagnostic techniques are briefly summarized.

Ultrasound

Ultrasound is a cost effective, easy and fast diagnostic tool where a spacial resolution
of 50 - 5000 pum can be achieved. However, the limited penetration depth of ultrasound
waves (up to a few cm, depending on the wavelength used) and the poor sensitivity limit
the diagnostic value of this technique [[79-81].

To increase spatial resolution, ultrasound contrast agents, such as air containing microbub-
bles and liposomes, were initially used to monitor tissue perfusion. These contrast agents
were further developed and functionalized such that they can now be targeted to the de-
sired locations. However, a still unsatisfactorily resolved problem is to bind such large

contrast agents to targets on the endothelium [82].

Computed Tomography (CT)

The fast acquisition time and comparably moderate costs of CT renders this technique one
of the key diagnostic tools in medicine today. It results in good spatial and anatomic res-
olution (in the sub-mm range). However, soft tissues are difficult to discriminate with CT
due to poor contrast. Furthermore, patients have to be exposed to X-rays. This is consid-
ered to be a major disadvantage of CT compared to other imaging modalities [[79, 83, 84].
The inherently poor soft tissue contrast often necessitates the use of CT contrast agents
if these tissues are to be probed. Typical CT contrast agents consist of liposomes, na-
noemulsions, micelles, dendrimers and polymer based NPs that encompass heavy metals
such as iodine and optionally drugs. However, their toxicity, mainly induced by the heavy

ions required to enhance contrast, is still debated [85].
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Fluorescence Microscopy

A comparably high sensitivity and spatial resolution is achieved with optical methods
such as fluorescence microscopy. However, the short penetration depth in tissues limits
its in vivo applicability to peripheral locations. Due to its ease and cost effectiveness, it is,
however, often used for in vitro investigations and studies on small animals [[79} 180, [84]].
Next to organic fluorophores or fluorescent proteins used to label objects of interest, NPs
such as Au NPs or QDs are used e.g. to visualize cellular structures and track motions
of individual proteins in cells. Such NPs do not photobleach in contrast to organic fluo-
rophores and thus considerably facilitate imaging. The compared to organic fluorophores
narrow emission spectra of such NPs significantly reduces the risk of crosstalk of NPs
with different absorption and emission wavelengths. Because of the narrow emission
range of optically active NPs, that can be tailored by controlling their size, different
subpopulations of proteins can be simultaneously labeled with NPs emitting at different
wavelengths [[72, 186/, 87]].

Single Photon Emission Computed Tomography (SPECT) and Positron Emission
Tomography (PET)

If sensitivity is crucial, SPECT is often the imaging technique of choice. Pharmaceuticals
labeled with radioactive tracers are injected into the patient. The y-ray emitting radiotrac-
ers can be detected with a y-camera resulting in 2D or 3D images. However, injecting
radioactive tracers requires justification. Furthermore, because of a very limited lifetime
of these radiotracers, appropriate synthesis facilities have to be located reasonably close
to the SPECT imaging facility.

Similar to SPECT, PET relies on the detection of radioactive elements. However, in con-
trast to SPECT, PET tracers are positron emitters. The emitted positrons collide with
electrons in the body. This results in two 7y-rays that are emitted in opposite directions.
The time difference of their arrival at a detector that surrounds the investigated object
allows to precisely spatially localize the origin of the y-rays. This is the reason for the
very high spacial resolution of PET. The higher sensitivity obtained with PET, compared
to SPECT, however, has to be traded off against the shorter half-life time of PET radio-
tracers that necessitates a close-by cyclotron where these labels can be synthesized and
optionally functionalized with targets. However, this complicates contrast agent handling

and timing of experiments [79, (80, [84].
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Magnetic Resonance Imaging (MRI)

Complementary to SPECT and PET, MRI measures relaxation times of proton spins ori-
ented in a constant external magnetic field. Therefore, soft tissues, that all contain wa-
ter, naturally yield MR contrast. Furthermore, MRI does not require radioactive tracers,
which facilitates follow-up studies. Despite these benefits, the first MR scans on humans
were not published until 1977 [188]].

MRI suffers from a limited spacial resolution (in the sub-mm range) and a sensitivity that
is 106 x lower compared to SPECT or PET. Furthermore, it is a costly diagnostic tech-
nique [89] and special care has to be exercised with patients which have metal implants.
Despite these shortcomings, the complementarity of the high sensitivity of PET or SPECT
with the inherent tissue contrast of MRI renders a combination of MRI with SPECT
or PET particularly beneficial for an early, accurate diagnosis of progressive diseases
(81} 183, [84]. While the development of a combined PET/MRI instrument started around
the same time as a prototype of a combined CT/SPECT instrument was built (1998), tech-
nical challenges only allowed to build a combined PET/MRI human scanner prototype in
2007. Thus, this combined imaging method is not yet established [72].

Magnetic Resonance Contrast Agents

Early diagnosis of certain diseases, such as atherosclerosis and cancer, requires molecular
sensitivity that currently cannot be achieved with conventional MRI. However, targeted
MR contrast agents are believed to indirectly increase the MR sensitivity such that cellular
or even molecular resolution is conceivable [90]. If MR contrast agents are functional-
ized with ligands that specifically bind to early precursors of a disease, accumulation of
contrast agents reflects the localization of such markers and thus indicates that the patient
suffers from the corresponding disease already at an early stage [80, 91-93].

There are two different MR contrast agent types: Contrast agents that primarily reduce
the longitudinal proton relaxation time 77 lead to a signal enhancement on 77-weighted
MR images. They are thus called positive MR contrast agents. The most prominent ex-
ample for positive MR contrast agents is Gd>*. Superparamagnetic contrast agents, that
mainly shorten the transverse proton relaxation time 75 are called negative contrast agents
because they lead to a signal loss on conventional 7;-weighted MR images [[73), 96]].
Signal losses are most frequently caused by large gradients in susceptibilities between

adjacent tissues or local, instrumental based magnetic field inhomogeneities that cannot
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be completely shimmed. Therefore, it is easier to assign signal enhancements to the pres-
ence of contrast agents. As a consequence, physicians prefer to have positive contrast
agents. Gd>*, however, is toxic if it is not strongly complexed. For patients who suf-
fer from chronic renal diseases, Gd3* is toxic even if it is strongly chelated [72} 97, 98].
Therefore, from a toxicologic point of view, iron oxide NPs are the preferred MR contrast
agents. Furthermore, it has been shown that, by tuning the MR sequence, negative con-
trast agents such as iron oxide NPs can also lead to a signal enhancement, thus rendering

them attractive as signal enhancing, biocompatible MR contrast agents [99].

Iron Oxide based Magnetic Resonance Contrast Agents

Different types of unfunctionalized iron oxide NPs stabilized with high molecular weight
(M,,) dispersants such as dextran, that had previously been used as a plasma expander
[95], are already FDA approved. They are used in clinics as negative contrast agents to
detect lesions mainly in the liver and spleen where they naturally end up [94]. A compre-
hensive list of commercially available iron oxide based MR contrast agents was recently
published by Laurent ef al. [100]. However, none of these contrast agents is functional-
ized with a specific ligand.

Reports where in vivo targeting of iron oxide NPs is claimed are numerous [15]. How-
ever, NPs were almost exclusively targeted towards the liver, kidney or lymph nodes,
locations they naturally end up during clearance. Alternatively, NPs were targeted to
cancer cells, where they naturally accumulate due to the enhanced permeation retention
(EPR) effect [15, [101-103]]. However, studies where such NPs are successfully targeted
to specific receptors are scant. The Weissleder group functionalized iron oxide NPs stabi-
lized with crosslinked dextran with a peptide sequence that specifically binds to VCAM-
1 receptors. VCAM-1 receptors are up-regulated on endothelial cells in atherosclerotic
plaques. They could show that these targeted NPs were more readily taken up by endothe-
lial cells in atherosclerotic regions in mice [[104]. However, to the best of our knowledge,
studies of targeted NPs that bind to extracellular receptors at sites where monocytes and
macrophages, that are part of the reticuluendotheilal system (RES) and naturally take up
NPs to initiate their clearance, are not up-regulated, are lacking. One of the main reasons
for the few successful applications of specifically targeted iron oxide based MR contrast
agents is the difficulty to stabilize and functionalize such NPs [15]]. Insufficiently stabi-
lized, agglomerated NPs are too large to freely circulate in the body and perfuse through

blood vessels. They therefore cannot readily be targeted and bear the risk to provoke
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thrombosis. Furthermore, agglomerated NPs are easily detected by the RES and subse-
quently cleared. This reduces the effectiveness of such contrast agents. Therefore, good
NP stability is of prime importance.

On the other hand, it has been shown that NP agglomeration [105H107]] and controlled
crosslinking of iron oxide NPs through oligonucleotides [[108]] enhances the 7,-contrast.
In fact, Monte-Carlo studies revealed a power law dependence of 7, on the number of
NPs that form an agglomerate [107]. This is well in agreement with theory, where re-
laxivity has been shown to increase with the NP size [109, [110] and NP M [92]. Thus,
NP stability and therefore good control over NP size, blood circulation time and surface
chemistry has to be traded off against high 75 and 7" signals [[111].

Iron oxide NPs can be made to multifunctional contrast agents if additional labels such as
fluorophores [112-116]] or radiotracers [117-121]] are irreversibly bound to their surface
[72,1122]. A second modality helps to unequivocally locate such contrast agents and dif-
ferentiate them from imaging artifacts. Second labels can be bound to e.g. magnetic cores
through organic spacers or the magnetic cores can be coated with inorganic materials such
as gold [[123]], and QD shells (e.g. CdSe [124], or LaFz : Ce, Tb [125]) [[72]. Very recently,
iron oxide NPs surrounded by a dielectric polymer layer upon which a Au shell was grown
were shown to be both, superparamagnetic and active in the near infrared region (NIR)
[126]].

However, care must be exercised by combining different imaging modalities. Until re-
cently, successful reports on combining iron oxide NPs with in the NIR active materials
and molecules were hampered by the absorption of light caused by the iron oxide cores
[126]. In fact, iron oxide, has been reported to quench CY5.5 and FITC if less than two
fluorophores were attached to one iron oxide core. Based on the increased fluorescence
observed if these fluorophores were cleaved from the iron oxide NP surface, this quench-
ing was assigned to nonradiative iron oxide-fluorophore interactions [112]]. Thus, close
control over the surface chemistry and therefore the distance between optically active

tracers and magnetic cores is key also for assembling multimodal imaging agents.
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1.5 Biomedical Applications: Therapeutics

1.5.1 Hyperthermia

Cancer cells have been found to be more prone to cell death at high temperatures (~ 45
°C) compared to healthy cells [127]. Thus, cancer can be treated if the temperature is
increased to a level that it is lethal to malignant cells but at which healthy cells are less
affected [128]]. Especially in combination with X-ray or drug therapy, hyperthermia is
believed to significantly increase the chance to cure cancer [[15} 127, 129, |130]].

In hyperthermia treatments that are not assisted by NPs, tissue irradiation with high fre-
quency fields leads to an uneven temperature distribution with locally very high temper-
atures, so-called hot spots. However, the location of these hot spots depends on inhomo-
geneities of the electrical permittivity and conductivity of tissues, that cannot easily be
influenced [131]].

Hyperthermia Using Iron Oxide Nanoparticles

Already in 1993, Jordan et al. reported the potential of superparamagnetic iron oxide
NPs as therapeutic agents for hyperthermia [132]]. Since then, much research has been
undertaken to analyze and optimize iron oxide NPs for hyperthermia purposes [[15]. In
contrast to light in the optical range, magnetic fields readily penetrate the body. Therefore,
hyperthermia treatments assisted by magnetic NPs are not limited to peripheral locations
in the body, whereas light based hyperthermia applications typically are.

By injecting iron oxide NPs that localize preferentially in cancerous tissues, heat can be
generated at these sites through the application of an AMF [15]. This reduces the risk of
hot spots in other areas of the body. The specific absorption rate (SAR) of iron oxide NPs,
that, together with the NP concentration, determines the increase in temperature during a
given time at fixed AMF settings, depends on the NP size. It peaks at a NP radius of 7
nm, irrespective of the magnetic field and frequency (in the range of B = 30 - 90 mT and
f =300 -400 kHz) [15,133].
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1.6 Biomedical Applications: Drug Delivery

Driven by the large investments in research and marketing of drugs and drug delivery
systems, the number of publications on drug delivery systems exploded in the past few
years. As early as 1978, investigations on drug delivery systems, consisting of an albumin
clusters co-encapsulating Fe304 NPs and model drugs that could be magnetically targeted
and accumulated, have been reported [134]. Encapsulating drugs and vaccines has been
shown to be highly beneficial for multiple reasons. Not only is the encapsulated cargo
protected from enzymatic degradation, but the surface functionality of the delivery vehicle
is adjusted so that drugs can be targeted to certain locations. Therefore, the dose of
appropriately encapsulated drugs required to achieve the therapeutic level at the target
site can be significantly decreased compared to the free counterparts. With this decrease
in the injected drug dose, the risk of adverse side effects or immune responses induced by
free drugs is lowered to the benefit and comfort of the patient [135H138]]. The assembly of
drug delivery vehicles such as liposomes and polymersomes, their efficient loading with

drugs and their behavior in vivo has been the focus of numerous studies [[139, [140]].

1.6.1 Release

Cargo is released if delivery vehicles disassemble, degrade, rupture or if their permeability
is greatly increased. However, degradation or rupture of these vehicles does not allow to
release content over prolonged times. Therefore, it is highly beneficial, if the structure of
the delivery vehicles is retained upon cargo release. If the structure of the delivery vehicle
is retained, content can be released in any dose ranging from total release in one burst
to slow release over prolonged times. This is possible if the permeability of the delivery

vehicles can be changed at the desired location for release.

Liposomes

The permeability of liposomes increases drastically around the membrane melting tem-
perature (7,,) [141}[142]. The latter depends on the length of the phospholipid hydrocar-
bon chains and their configuration (e.g. how many unsaturated bonds they contain). This
allows to tune the overall 7;, by mixing phospholipids with different 7;,s [[143, [144].

However, the small temperature difference between malignant and healthy tissues renders

the design of drug delivery vehicles, that release cargo at malignant sites, difficult. If 7;,
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Figure 1.3: Drug delivery vehicles built from amphiphilic molecules and functionalized with NPs. (a) Iron
oxide NPs, surrounded by QDs were encapsultated into micelles formed from PEGylated phospholipids
[149]. (b) Micelle consisting of amphiphilic molecules that were functionalized with an active chemical
group at the hydrophilic head. Fe;O3 NPs and QDs were co-encapsulated in these micelles [150]. (c)
Magnetoliposomes containing carboxyldextran stabilized iron oxide NPs in their lumen [151]]. (d) Magne-
toliposomes containing dextran stabilized iron oxide NPs can be loaded with hydrophilic and hydrophobic

cargo [152].

of liposomes is only slightly above body temperature, the delivery vehicles are inherently
leaky already at body temperature [146]. If, however, T,, is chosen well above body
temperature, drug release at malignant sites is inefficient [148]]. Thus, the require-
ments for efficient content release induced from the environment and low passive leakage

are incompatible.

1.6.2 Triggered Release

Magnetically Triggered Release of Functionalized Thermoresponsive Polymer Ma-

trizes

The inherent problem of a trade-off between leakiness and release efficiency has been ad-
dressed by modifying vesicles such that their release can be triggered. Approaches where
"natural” triggers such as pH or locally at tumor sites accumulated enzymes
[156] were used to release drugs, have only been partially successful because release
could not be externally controlled but relied on changing environmental conditions at
targeted sites. Therefore, external stimuli such as electric fields [157], light [158], [159]],
ultrasound or chemicals have been used to release drugs.

One of the most successfully applied external trigger is AMF. The application of an AMF
as an external trigger was pioneered by Weinstein et al. in 1979 [162] and has received
increasing attention in recent years [148]. If subjected to an AMEF, iron oxide NPs lo-
cally increase temperature mainly through Brownian and Néel relaxation (section [I.1.1)

[39-42]. Based on the local heating of superparamagnetic NPs used as actuators, a va-
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Figure 1.4: TEM micrographs of liposomes containing iron oxide NPs in their lumen. (a) TEM image
of dextran coated iron oxide NPs with a hydrodynamic radius of ~» 20 nm were encapsulated in liposomes
[167]. (b) Cryo-TEM image of multilamellar liposomes where iron oxide NPs have been synthesized in
these liposomes through coprecipitation of iron salts through diffusion of OH™ through the onion lamella.
The iron oxide NPs had an average radius of 2 nm [168]]. (¢) TEM of liposomes containing TOPO stabilized
QDs and citrate stabilized iron oxide NPs in their lumen [[74]].

riety of different delivery vehicles were designed. These vehicles mostly consisted of
a combination of magnetic NPs and drugs or drug mimicking reagents embedded in a
polymer matrix or shell. Illustrative examples of such assemblies are silica-coated iron
oxide NPs surrounded by a drug loaded poly(vinyl alcohol) (PVA) shell [163, or
alternatively agglomerated iron oxide NPs co-embedded with fluorescent, drug mimick-
ing molecules in thermoresponsive polymer beads such as poly (N-isopropylacrylamide)
(PNIPAM) [165]. Furthermore, agglomerated 10 nm iron oxide NPs were loaded into a
microscopically thick PNIPAM hydrogel where model drugs could be reversibly released
from one side of the hydrogel to the other side upon application of an AMF [166].

Magnetically Triggered Release of Liposomes Loaded with Nanoparticles in their

Lumen

The possibility to increase temperature through local heating of iron oxide NPs, if sub-
jected to an AMEF, allows to design liposomes using a phospholipid composition that has
T,, well above the application temperature, and therefore low passive leakage, without
compromising drug release efficiency [169].

Liposomes loaded with iron oxide NPs in their lumen [167, (170, 171] or were iron oxide
NPs were synthesized inside the liposome lumen through aqueous precipitation methods
using Fe3* and Fe?* salts, are known for more than 20 years [172]. Faure et al. demon-
strated that liposomes containing agglomerated iron oxide NPs in their lumen could mag-
netically be separated [168]]. Furthermore, it was shown that iron oxide NPs and QDs can
be simultaneously loaded into the lumen and the liposome bilayer resulting in fluores-

cent giant magnetoliposomes [74] and micelles [149, [150] (Figure [I.4). Such liposomes
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loaded with iron oxide NP could be magnetically moved and deformed to ellipsoids [[173]].
However, due to steric reasons, only a limited number of iron oxide NPs can be encapsu-
lated into the liposome lumen. Agglomeration of NPs prior to their encapsulation further
decreases the encapsulation efficiency. A low iron oxide NP concentration inside the lipo-
some lumen decreases the heating efficiency of iron oxide NPs and necessitates prolonged
AMF treatments or the use of higher powers.

Despite the low loading efficiency especially of agglomerated NPs, triggered release of
liposomes loaded with drug models and uncoated 8 nm diameter [169] or dextran-coated
3 - 5 nm diameter iron oxide NPs that were agglomerated [152]] was demonstrated with
AMFs. However, whether NPs were loaded in the liposome lumen, encapsulated in mi-
celles or associated with the liposome membrane remained undetermined [152, [169].
The release efficiency scaled with the concentration of iron oxide NPs associated with
liposomes. Because of the poor characterization of liposomes functionalized with iron
oxide NPs, increased release efficiency could not be unequivocally assigned to an in-
creased concentration of iron oxide NPs in the liposome lumen. An attempt to quantify
the amount of iron oxide NPs with a core radius of 5 nm loaded into the liposome lumen
was hampered by the poor iron oxide NP stability and a high affinity of inappropriately
surface modified iron oxide NPs to the liposome membrane [[151]. Thus, the influence of
the concentration of in liposome encapsulated iron oxide NPs on the release efficiency of
such delivery vehicles remains unresolved.

In 2010, Nappini et al. encapsulated uncoated, ~ 6 nm CoFe;O4 NPs into the lumen
of liposomes and showed triggered release by applying a low frequency AMF. CoFe;04
NP loaded liposomes were larger compared to unloaded counterparts. The release of
model drugs upon application of an AMF increased with increasing frequency, CoFe; 04
NP concentration, CoFe;O4 NP diameter and exposure time. Because magnetic NPs ex-
posed to low frequency AMFs do not substantially heat, release was thought to be due
to mechanical distortions of the liposomes driven by the magnetic NPs [174]. However,
liposomes were inherently leaky and leakiness increased with increasing CoFe;O4 NP
size. This can probably be attributed to poor NP stability leading to agglomeration and a

corresponding decrease in liposome membrane stability.

Triggered Release of Liposomes containing Nanoparticles in their Membranes

Incorporating NPs directly into membranes (Figure |1.14p) has distinct advantages over

delivery vehicles where NPs are loaded into the lumen. NPs embedded in the vesicle
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lumen require heating of bulk water before the locally generated heat reaches the vesicle
membrane and increases its permeability. In contrast, NPs incorporated in the membrane
can directly transfer the locally generated heat into the membrane. Thus, externally trig-
gered release of vesicles bearing optically active or magnetic NPs in their membrane is
expected to be more efficient compared to that of vesicles containing these NPs in their
lumen.

Paarsonen et al. were the first ones to show triggered release of liposomes containing NPs
in their bilayers [[175]]. This was demonstrated with liposomes bearing 2.5 nm hexanethiol
stabilized Au NPs in their membranes. If the same Au cores were coated with mercap-
tosuccinic acid (MSA), NPs ended up in the liposome lumen. As expected, release of
liposomes containing hydrophilic Au NPs in the lumen was shown to be less efficient
compared to liposomes that had hydrophobic Au NPs in their membranes. However, they
reported increased non-specific calcein leakage of liposomes that had Au NPs incorpo-
rated in their membranes as compared to unmodified liposomes.

In 2010, Bothun et al. for the first time demonstrated triggered release of liposomes con-
taining iron oxide (Fe>03) NPs in their membranes [[176]. They embedded oleic acid sta-
bilized iron oxide NPs into membranes of dipalmitylphosphocholine (DPPC) liposomes
and loaded these liposomes with the self-quenching dye carboxyfluorescine. However,

these liposomes were inherently leaky [[176].

Optically Triggered Release from Polyelectrolyte Membrane (PEM) Microcapsules

Typically, the permeability of PEMs does not change significantly around body tempera-
ture. However, if loaded into PEM membranes, NPs can trigger cargo release. Pioneered
by the Mohwald group, SiO, NPs have been loaded in PEMs assembled on polystyrene la-
tex microspheres [177]] and in PEM microcapsules [178]. The size, shape and membrane
thickness of these PEM shells could closely be controlled by the choice of the dimensions
of the particle template PEMs were assembled on and the number of deposited polyelec-
trolyte layers [178, [179]. PEMs were further functionalized by introducing catalytically
active Ag NPs into the PEM [180]. Dissolution of the polystyrene microsphere template
resulted in PEM microspheres comprising Ag NPs in their walls. These vesicles opened
up the possibility to conduct Ag catalyzed chemical reactions in the capsule interior [[180].
However, similar to liposomes, PEM microcapsules used as drug delivery vehicles or
nanoreactors become only truly beneficial, if products synthesized in the PEM micro-

capsule lumen or cargo loaded into PEM microcapsules can readily be released. Laser
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triggered release of fluorescently labeled dextran from the lumen of such PEM vesicles
could be demonstrated in cuvettes [[181] and in cell assays [182]. Mechanical destabi-
lization of the PEM membrane rather than local temperature increase was found to be the
reason for the increased permeability of PEM microcapsules bearing Au/Co core-shell
NPs in their membranes [[183]. Even more advanced, multifunctional PEM microcap-
sules were assembled by co-embedding Au and agglomerated iron oxide NPs into PEM
walls. The resulting PEM microcapsules could be magnetically manipulated and laser ir-

radiation destroyed the capsules resulting in complete release of hydrophilic cargo [184].

Magnetically Triggered release from Polyelectrolyte Membrane (PEM) Microcap-

sules

Similar to liposomes hosting iron oxide NPs in their membranes, PEM microcapsules con-
taining iron oxide NPs in their PEMs could be magnetically manipulated [[184-186]. Iron
oxide NP loaded PEMs were initially adsorbed on SiO, microspheres [187]] before hollow
PEM microspheres containing iron oxide NPs in their walls were assembled [[188, [189].
However, one of the main drawbacks of PEM microspheres intended for delivery purposes
is their leakiness towards small molecules. With the aim to create delivery vehicles that
can magnetically be manipulated, the permeability and thus leakiness of hollow PEMs
functionalized with iron oxide NPs was decreased by depositing a dense polypyrrole layer
onto PEM microcapsules [[190].

In 2008, AMF triggered release of PEM microcapsules comprising agglomerated, 5 nm
diameter iron oxide NPs embedded in the shell, was experimentally demonstrated. The
locally generated heat first induced the formation of pores in PEM membranes resulting
in a destruction of the PEM microcapsules [186]].

Despite this rapid development of smart PEM microcapsules, their use for biomedical
applications might be hampered by several factors. PEM microcapsules typically have
diameters in the um range. Furthermore, they are often charged. However, biomedical
applications typically require colloids to be smaller than 100 nm and have good colloidal
stability at high salt concentrations and no residual surface charge to avoid non-specific
protein adsorption. Furthermore, hydrophobic cargo is difficult to directly encapsulate
into PEMs. However, most of the drugs used today are hydrophobic. Thus, PEM mi-
crocapsules fail to fulfill several of the requirements imposed on drug delivery vehicles.
The flexibility to adjust microcapsules to specific requirenments and the ease to assemble

these capsules, however, renders them attractive nanoreactors.
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Therefore, despite that the principle for triggered release of PEM microcapsules and li-
posomes comprising superparamagnetic NPs in their membranes is similar, these vesicles

most likely will have different applications.

1.6.3 Requirements for Nanoparticles Intended for Biomedical Ap-

plications

Common to all applications described above is the requirenment for well sterically sta-
bilized NPs surrounded by a dispersant shell that can experimentally easily and cost-
effectively be adjusted to the different requirenments. The lack of efficiently targeted MR
contrast agents, limited efficiency to magnetically trigger release of vesicles functional-
ized with iron oxide NPs and enhanced leakiness of most of these vesicles is a result of
poor control over NP size and stability. Insufficiently stabilized NPs agglomerate and
are thus rapidly cleared from the body or cannot be assembled into superstructures like
vesicles any more. To gain control over NP stability and therefore size and surface pre-
sentation of polymers and functionalities under physiologic conditions, NPs have to be

sterically stabilized.

1.7 Nanoparticle Stability

Driven by attractive Van-der-Waals forces, unstabilized NPs tend to agglomerate. The

attractive Van-der-Waals potential can in a first approximation be defined as

(1.5)

A 22 22 D(4r+D)
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where r is the radius of the spheres, D the interparticle distance and A the Hamaker
constant [3]].
As can be seen from equation smaller NPs result in weaker Van-der-Waals attrac-
tion potentials and thus are, at a first glance, less prone to agglomeration compared to
larger counterparts. However, the lower Van-der-Waals potential has to be related to the
higher surface : volume ratio of the former NPs. The higher surface : volume ratio is
energetically expensive and, depending on the solvent, adds additional strong attraction

potentials. There are two different approaches to prevent NP agglomeration: NPs can be
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Figure 1.5: Zeta potential of Fe304 NPs. pH dependence of unstabilized Fe3O4 NPs synthesized by the
aqueous precipitation method dispersed in Millipore water containing 150 mM NaCl.

electrostatically or sterically stabilized. Optionally, the two stabilization methods can be

combined.

1.7.1 Electrostatic Nanoparticle Stabilization

In the absence of a steric stabilization layer, the interparticle interaction potential can be
described by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, that consists of an
attractive Van-der-Waals potential and a repulsive electrostatic potential [191]]. The latter
is dependent on the zeta potential { of NPs which is a function of the pH as can be seen
in Figure|1.5/where the pH dependent { of Fe304 NPs is shown.

Because electrostatic stabilization relies on charged surfaces, NPs can be electrostatically
stabilized at pH < < than the isoelectric point (IEP) and pH > > IEP [192]]. However,
NPs start to agglomerate if the pH approaches the IEP as { of NPs becomes too small.
Furthermore, the electrostatic repulsion potential is screened if ions are added. Thus,
electrostatic NP stabilization is effective at low salt concentrations and at pHs far above
or below the IEP of NPs.

1.7.2 Steric Nanoparticle Stabilization

NPs intended for applications that require NP stability under high salt concentrations and
over a wide pH range have to be sterically stabilized [193,[194]. Steric stabilization relies
on polymers, so-called dispersants, that surround NP cores. If two sterically stabilized

cores approach each other, polymer brushes are confined. This reduces the entropy of
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dispersants and increases the osmotic pressure between NPs. The resulting repulsive po-
tential critically depends on the dispersant density profile [195]], packing density, binding
reversibly and the solvent quality with respect to the dispersants [[196]].

1.7.3 Electrostatic vs. Steric Stabilization

NP agglomeration can only be prevented if the sum of the attractive Van-der-Waals po-
tential, for magnetic NPs additionally the attractive magnetic potential, the repulsive elec-
trostatic and steric potentials result in an overall repulsive potential barrier at a given in-
terparticle distance that is high compared to kgT. If this condition is fulfilled, NPs do not
agglomerate.

Good NP stability at high salt concentration is a stringent requirement especially for
biomedical applications. Good NP stability under these conditions can only be ensured
if NPs are sterically stabilized. Additionally, dispersants allow to chemically modify sur-
faces such that they become e.g. protein resistant. This possibility, however, is only
applicable for sterically and not for electrostatically stabilized NPs. Thus, NPs intended

for biomedical use are sterically stabilized.

1.8 Designing Protein Resistant, Functional Surfaces

1.8.1 Protein Resistance

The high surface : volume ratio of NPs renders NP surfaces prone to protein adsorption
if these surfaces are not appropriately engineered with so-called stealth molecules that re-
duce the affinity of proteins to surfaces. If plasma proteins such as opsonins are adsorbed
on the NP surface, they induce NP uptake by macrophages, monocytes and dendritic cells
and thus initiate NP clearance [[15) 136} 197, 198]]. Therefore, protein adsorption signif-
icantly decreases the circulation time of NPs. Especially if NPs are intended for in vivo
applications, this severely restricts their use.

One of the most often used polymers to render surfaces stealth is poly(ethylene glycol)
(PEG). Attractive Van-der-Waals forces between proteins and PEG-modified surfaces are
the smallest, when compared to other well-known water soluble polymers, due to the
low refractive index of PEG [199]. Furthermore, it is thought that protein adsorption

would lead to confinement of the PEG chains resulting in an energetically unfavorable
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Figure 1.6: Definition of mushroom and brush regime. If the distance D between adjacent polymers is
larger than the Flory radius Rp of the polymers, polymers are in the brush regime. However, if D < Rp,
polymers start to stretch because they sterically repel each other.

entropy decrease [136}1199,200]. Yet another factor contributing to the ability of PEG to
render surfaces protein resistant is the ordering of water around PEG chains [201]. Wa-
ter molecules that order around PEG chains prevent direct contact of PEG with proteins
[202].

Protein adsorption was studied in detail on PEG-modified flat surfaces where different,
well-established quantitative surface sensitive characterization techniques such as X-ray
photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectroscopy
(tof-SIMS) are at hand [203-2035]. It was found that protein adsorption decreases almost
linearly with increasing ethylene glycol (EG) density. If flat surfaces are coated with EG
densities > 15-30 nm~2, they become protein resistant [203} 204].

Poly(ethylene glycol) (PEG)

The existence of a threshold value for the EG density has direct consequences on the PEG
packing densities and M,,s required to render surfaces protein resistant. The higher the
PEG M,,, the lower can the polymer packing density be to impart complete protein resis-
tance to PEGylated surfaces. In fact, protein resistance is directly related to the distance
of adjacent chains relative to the PEG size. According to de Gennes, one distinguishes
between two concentration regimes of polymers. The polymer size can be described by

the Flory radius Rr defined as

Rp ~aN? (1.6)
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where a is the length of a repeat unit, N is the number of repeat units and « is the
Flory exponent that is related to the solvent quality [206} 207]].
In the mushroom regime, the distance between adjacent polymer chains D is larger than
the Flory radius Ry while for the brush regime D < Rr (Figure[I.6) [208]. The PEG pack-
ing density has to be in the mushroom to brush transition or in the brush regime to render
surfaces protein resistant. Thus the inter-chain distance has to be smaller than Ry of the
respective PEG [209-211]].
In fact, a high PEG packing density has been shown to be crucial to prevent adsorption
especially of small proteins. The adsorption of large proteins on surfaces was less sensi-
tive to the PEG packing density [205} 210, 212H216].
In line with what has been reported for the protein resistance of surfaces modified with
linear PEGs, flat SiO, surfaces modified with branched PEG have been found to be pro-
tein resistant, provided the density of branched PEGs was such that the distance between
two adjacent PEG molecules D was smaller than the protein diameter. Thus, such-
modified SiO, surfaces were resistant to fibrinogen (M,, ~ 340 kDa) adsorption, whereas
cytochrome-c (M,, ~ 12 kDa) readily adsorbed [210].

PEGylated Nanoparticles

The PEG M,, and the EG packing density were shown to be crucial parameters also for
the protein resistance and thus circulation time of NPs. Even though the EG density
on NPs might have to be higher to render NP surfaces protein resistant (due to the high
surface curvature of NPs that leads to a conically increasing free volume for dispersants
starting from the NP surface), the general principle could be expected to hold irrespective
of surface curvature.

This was exemplified in a study, where protein resistance of 100 nm diameter poly(lactic
acid) (PLA) NPs stabilized with PEG(2 kDa) could only be obtained if the PEG packing
density was > 0.2 molecules/nm? [217]]. For lower PEG packing densities, circulation time
increased with increasing PEG M,,s due to an increased EG density that also yields larger
RF values of PEG [214]]. In line therewith, protein adsorption on 200 nm diameter PLA
NPs could be significantly decreased if 5 wt% PEG(5 kDa) was added to their surface
corresponding to one PEG chain per 2.1 nm? or D = 1.4 nm [218] whereas Rr of PEG(5
kDa) = 5.1 nm.

However, because PEG not only should prevent protein adsorption but also has to provide
steric stability to NPs, the PEG M,, has to be above a threshold value. In fact, PEG M,,s
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between 1.7 and 5 kDa were found to be optimal for surface modifying NPs intended for
biomedical applications [209, 213, 219]. NPs stabilized with PEGylated dispersants that
fulfill these requirements of high dispersant packing densities and PEG M,,s between 1.7
kDa and 5 kDa showed prolonged circulation times [15} 168}, 197, 220-223]].
Additionally, also the dispersant conformation influences the ability of these polymers to
render surfaces protein resistant. Because branched PEGs with M,,s < 1.7 kDa have a
restricted conformational freedom of their chains, protein adsorption results in a much
lower entropy penalty as compared to linear PEG chains of comparable M,,s. Hence,
protein adsorption is more favorable on NPs modified with branched as compared to linear
PEGs. One study claimed that more than twice the amount of proteins were adsorbed on
NPs coated with branched PEGs compared to NPs modified with linear PEGs for a PEG
M,, = 1 kDa [224]].

However, because of the importance of the NP stability, PEG packing density and the
uniformity of the PEG brush on the NP surface has to be carefully determined in order
to make sure that the right conclusions are arrived at from such studies. Results on the
protein resistance can only unequivocally be attributed to the PEG conformation if good

NP stability and homogeneous dispersant packing density on the NP surface was assured.

1.8.2 Nanoparticle Functionalization

Dispersants adsorbed on sterically stabilized NPs allow for functionalization of NPs,
an option that becomes increasingly important for many applications especially in the
biomedical field [[76, 100, 225]]. Potential targeting moieties are antibodies [95, 226, 2271,
antibody fragments [[104], peptides [228-230]], aptamers [231], DNA [108]] and RNA se-
quences [100]. They are thought to be able to specifically bind appropriately functional-
ized NPs to desired locations. However, despite the compared to aptamers and antibody
fragments high binding affinity of antibodies to receptors, successful in vivo applications
of antibody functionalized NPs are scant.

For steric reasons, the large size of antibodies only allows a limited number of these func-
tionalities to be attached to the NP surface. However, the binding affinity of functionalized
NPs was greatly enhanced if NPs could bind to receptors through the attachment of mul-
tiple ligands compared to NPs functionalized with a low ligand density where statistically
only one ligand per NP was able to bind to the receptor [229]. Therefore, the limited
number of antibodies that can be immobilized at the NP surface hampers efficient NP

targeting. Furthermore, proteins can non-specifically adsorb on antibodies which reduces
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the circulation time of antibody functionalized NPs. Additionally, the significant increase
in hydrodynamic size of individually stabilized NPs upon functionalization with antibod-
ies prevented cellular uptake of antibody-functionalized NPs [935]. Therefore, ligands that

have a lower M,, compared to antibodies might be more promising NP targeting moieties.

1.8.3 Nanoparticle Biodistribution

The fate of NPs in the body is mainly determined by their size [100, 232], shape [232],
surface charge [211]] and surface chemistry [68]]. These properties are greatly dependent
on the stability and therefore surface modification of NPs. While particles larger than 200
nm are rapidly cleared by the spleen, NPs smaller than 10 - 50 nm are generally removed
from the body through extravasion and renal clearance. The optimal NP size range for
in vivo applications of intravenously injected NPs that require prolonged blood half-life
times is therefore 10 - 100 nm [[15} [100].

PEG stabilized iron oxide NPs with a hydrodynamic diameter between 30 - 50 nm have
been reported to mainly end up in the liver and spleen if administered in nude mice. Their
concentration in the liver and spleen decreased within 72 h by 20 and 50 % respectively.
No indication of adverse side effects were reported for PEGylated NPs [222]. However,
the clearance of PEGylated NPs was shown to greatly depend on the affinity of dispersant
anchors to the NP surface [198] 221]]. If PEG was covalently attached to the surface, the
NP circulation time was substantially prolonged compared to that of NPs where PEG was
just physisorbed to the surface. The fast clearance of the latter NPs was assigned to the
fact that proteins could replace physisorbed PEG [214].

Additionally, PEG can reduce NP toxicity. This was exemplified in an empirical study
where cell viability remained unaltered if cells where incubated with NPs sterically stabi-
lized with PEG-based dispersants, in contrast to unstabilized Fe3O4 NPs that were toxic
to cells [67, [233]].

Similar to PEG stabilized iron oxide NPs, dextran coated, agglomerated iron oxide NPs
accumulated in the liver and spleen. However, the latter were reported to be benign to
the body because of their long retention times [234]. Next to the slow clearance and the
tendency to agglomerate [234], dextran coated NPs also induced differentiation of mono-

cytes into macrophages [67]] and are thus suboptimal for biomedical applications.
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Figure 1.7: High molecular weight dispersants. Some of the most frequently used high molecular
weight dispersants to stabilize iron oxide NPs are (a) dextran (b) alginate (c) poly(vinyl amine) (PVA),
(d) poly(acrylic acid) (PAA) and (e) poly(ethylene imine) where poly(ethylene oxide) (PEO)-poly(glutamic
acid) (PGA) is subsequently electrostatically adsorbed to.

1.9 Surface Modification of Iron Oxide Nanoparticles

As indicated above, sterically stabilized iron oxide NPs are often used in the biomed-
ical field for diagnostic purposes [2335, 236], for therapeutic purposes in hyperthermia
[37, 95, 237], drug delivery [7/6] and for magnetic cell labeling [115} 238], separation
[239] and tracking [240].

The quality and performance of iron oxide NPs, however, crucially depend on NP size,
stability, dispersant layer thickness and control over functionalities presented at the NP
interface [[75,192]]. These parameters are mainly determined by the dispersants that sur-
round NPs. Because of the importance of the dispersant on the NP performance, different
approaches typically used to sterically stabilize iron oxide NPs are summarized in the

following.
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Figure 1.8: Cartoon of iron oxide NPs stabilized with high M,, dispersants. Cartoon of (a) multiple iron
oxide cores embedded in physisorbed dextran, iron oxide NPs individually stabilized with (b) crosslinked
dextran (CLIONS) [241]] Reproduced by permission of The Royal Society of Chemistry http://dx.doi.
org/10.1039/B700091J, (c) oleic acid and surrounded by pluronics [242] Reproduced by permission of
The Royal Society of Chemistry http://dx.doi.org/10.1039/B902445J and (d) the polyelectrolytes
PEI and PEO-PGA [243]..

Figure 1.9: Iron oxide NPs stabilized with high M,, dispersants. TEM micrographs of iron oxide NPs
stabilized with (a) dextran [244], (b) alginate [243]] and (c) PVA [246)].

1.9.1 Steric Stabilization with High Molecular Weight Dispersants

Iron oxide NPs used for clinical applications are primarily coated with high M,, disper-
sants such as dextran [247]], alginate [245] 248]], poly(vinyl amine) (PVA) [244] 249]
or poly(acrylic acid) (PAA) [250] or by electrostatically adsorbing charged polymers
like poly(ethylene imine) (PEI) where subsequently a layer of poly(ethylene oxide)-b-
poly(glutamic acid) (PEO-PGA) was adsorbed to [243]] (Figures [I.7]and [I.8). However,
these high M,, dispersants lack a well defined high affinity anchor that could irreversibly
couple them to the NP surface [95]. Therefore, high M,, dispersants often encapsu-
late multiple cores within one cluster (Figure [I.8h). The resulting hydrodynamic clus-

ter radius is many times larger than the radius of individual cores (Figures [I.§] and [I.9)


http://dx.doi.org/10.1039/B700091J
http://dx.doi.org/10.1039/B700091J
http://dx.doi.org/10.1039/B902445J
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Figure 1.10: Definition of a low M,, dispersant. Cartoon of NPs individually stabilized with low M,,
dispersants. These dispersants consist of an anchor group (here nitroDOPA) covalently linked to a spacer
(here PEG).

(1587, [193], 244, 251],252]. This hinders NP diffusion and, as described in section[1.8.3]
leads to a faster clearance of the large NP clusters.

Reversible dispersant adsorption not only compromises NP stability [194] (Figure [1.9)
but proteins have also been shown to replace reversibly adsorbing dispersants leading to a
drastically decreased blood circulation time if applied in vivo [253]]. Needless to say that
the resulting poorly defined NP interface prevents controlled functionalization [67].

To prevent desorption of dextran from iron oxide NPs, the Weissleder group crosslinked
dextran after it was adsorbed on the NP surface yielding crosslinked iron oxide NPs
(CLIONS) (Figure[I.8p) [254, 255]. However, the resulting hydrodynamic radius is large
compared to the core radius and control over the dispersant layer thickness difficult. Ad-
ditionally, epichlorohydrin, the crosslinking agent used to immobilize dextran on the iron
oxide NPs, is classified as cancerogenic, mutagenic and reproxotic. Thus, in vivo appli-

cations of CLIONs might be hampered by the presence of traces of this chemical [100].
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1.9.2 Steric Stabilization with Low Molecular Weight Dispersants

A valuable alternative to high M,, dispersants are low M,, counterparts that consist of
one well-defined anchor covalently linked to a spacer (Figure [I.I0). Such dispersants
can be bound to iron oxide NP surfaces either through the "grafting to" or the "grafting
from" technique. For the latter approach, initiators are covalently bound to the NP sur-
face. Spacers, such as PEG described in section[I.8.1] can subsequently be grown in situ
from on NP surface attached initiators, similar to what has been shown e.g. by Muller et
al. [1]]. This approach results in high dispersant packing densities. The limited NP sta-
bility reported by Muller et al. can likely be ascribed to the reversibly adsorbing anchor,
namely dopamine, used to bind initiators to the NP surface. However, even if high affinity
anchors are used, which should result in high NP stability, there are some shortcomings
to the "grafting from" technique. Dispersant characterization, control over the dispersant
polydispersity and layer thickness are difficult. Furthermore, functionalization of stabi-
lized NPs with different ligands or other functional units including a close control over
the functionality density presented at the NP interface are challenging.

If low M,, dispersants are synthesized prior to their adsorption on the NP surface, they
can easily be characterized with conventional chemical characterization methods. Such
low M,, dispersants can be grafted to the NP surface without the requirenment for in situ
chemistry (Figure [[.10). Furthermore, the dispersant layer thickness can be controlled
by the spacer configuration and M,,. These NPs can readily be functionalized with a
defined density of the functional units by co-adsorbing differently functionalized and un-
functionalized dispersants. However, the polymer grafting density maximally achieved
on flat surfaces is lower compared to the "grafting from" approach. The difference in
grafting density between surfaces modified through the "grafting from" and the "grafting
to" approach is expected to decrease with increasing surface curvature, due to lower steric
repulsion of adjacent spacers. Nevertheless, the packing density of disperants grafted to
the NP surface is expected to be lower than that on NP surfaces modified through the
"grafting from" approach.

The dispersant packing density critically affects NP stability. However, high dispersant
packing densities can only be achieved, if dispersants are firmly adhered to the NP sur-
face through suitable anchors. Despite the importance of good NP stability at elevated
temperatures and high ionic strengths, systematic studies of the performance of different
anchors and the mechanism underlying the binding of these anchors to iron oxide surfaces
are lacking [[100].
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Figure 1.11: Anchors often used for iron oxide NP stabilization. Some of the most frequently used anchors
to immobilize dispersants to the NP surface. (a) oleic acid, (b) silane, (c) phosphate, (d) phosphonate, (e)
dopamine and (f) DOPA.

Anchors

High affinity anchors that irreversibly bind dispersants to the NP surface are key for good
steric NP stability especially if low M,, dispersants are used (Figure [I.10)). Because such
anchors are not established for most oxides, dispersants have often been immobilized
through multiple reversibly adsorbing anchors [204]. Multiple anchors per dispersant de-
creased the desorption rate of dispersants, provided they were interconnected by flexible
linkers that allow these anchors to bind simultaneously to the surface. However, the area,
multiple anchors occupy, is considerably larger than that of a single anchor. Thus, mul-
tiple anchors might decrease the dispersant packing density on highly curved surfaces
where steric repulsion of adjacent spacers is greatly reduced [260]. Therefore, it is more
promising to develop individual anchors that have a binding affinity high enough to pre-
vent dispersant desorption.

Anchors frequently used to sterically stabilize especially iron oxide NPs are acids such
as oleic acids [100] 261, silanes, phosphates and phosphonates (Figure [[.11)) [113] 262+
264]. However, especially phosphonates and acids are mainly used to disperse NPs in
organic solvents.

Catechols such as L-DOPA, a post-translationally modified amino acid abundantly present
in the mussel adhesive protein Mytilus Edulis [265]], and dopamine have also been used as
anchors to sterically stabilize iron oxide [1, [256-259, 266, 267 or iron/iron oxide core-
shell [268] NPs in aqueous media (Figure [I.T1) (Figure [I.12)). Because of the biological
relevance of DOPA/Fe3* and dopamine/Fe3* complexes, their structure [269-272]] and

electronic interactions [273)1274] have been studied in detail. Furthermore, the crystallo-
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Figure 1.12: Iron oxide NPs stabilized with dopamine anchored low M,, dispersants. Some of the earliest
reported examples of iron oxide NPs modified with dopamine anchored low M,, dispersants. (a) Co/Fe; O3
or SmCos /Fe, O3 core-shell NPs were the first reported iron oxide NPs modified with dopamine anchors
[256]. (b) In the same year as (a), Fe304-Ag heterodimers were surface modified with dopamine containing
molecules [257]]. (c) The anti-cancer drug porphorin was bound to Fe30O4 NP surfaces through dopamine
[258]] Reproduced by permission of The Royal Society of Chemistry http://dx.doi.org/10.1039/
B507779F. (d) FezO4 NPs stabilized with PEG(2)-dopamine were claimed to be stable under physiologic
conditions [259]).

graphic and electronic structure of peptides [275]], proteins [276l] and models for catechol
dioxygenases complexed with iron ions [270, 277-279] have been reported.

Based on these studies of catechol/iron complexes and on experimental results of iron ox-
ide NPs stabilized with catechol anchored dispersants, the suitability of catechols as an-
chors to stabilize iron oxide NPs is debated. Iron is well known to catalyze catechol oxida-
tion which leads to semiquinones, quinones and eventually carboxy-containing products
(Figure [[.13)) [280-286]. In line therewith, Shultz ez al. reported oxidative degeneration
of dopamine adsorbed on iron oxide NPs resulting in a loss of NP stability [287]. Re-
cently, cryo-TEM images of PEG-dopamine stabilized Fe3O4 revealed NP agglomeration
[1]. This report further puts into question the suitability of dopamine as anchor for steric
stabilization of iron oxide NPs. However, whether surface corrosion of iron oxide NPs is
a result of the replacement of oleic acid by the weakly adsorbing dopamine as claimed by
Sun et al. [259] is questionable. Despite these shortcomings of catechols, they are still
often used as anchors to sterically stabilize iron oxide NPs because of a lack of alternative
binding groups that directly anchor dispersants to iron oxide NPs.

As a consequence of the still unsolved problem of iron oxide NP stability, such NPs have
been coated with a SiO, corona [72, [100} 192, 288, 289]]. SiO, surfaces can readily be
functionalized with silanes [290, 291]]. Hence, surface modification of these NPs does

not require strongly to iron oxide adherent anchors. However, the additional SiO, corona
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Figure 1.13: Iron catalyzed catechol degradation. Reaction mechanism of iron catalyzed catechol degra-
dation [281},286]].

not only complicates NP synthesis, but also adds a non-magnetic layer to the NP that en-
larges the NP core diameter without increasing M. Thus, for most applications, it would
be desirable to have a suitable chemistry with which the surface of iron oxide NPs could

be directly and efficiently modified.

Nitrocatechols

Already in 1976 it was noticed that electronegative substituents strengthen the iron-
catechol bond to an extent where bonds between nitro-substituted catechols (so-called
nitrocatechols) and iron were claimed to be irreversible. It was speculated that nitrocate-
chols can act as oxidizing agents which was assumed to be the reason for this exception-
ally strong bond [292]]. The high affinity of nitrocatechols to Fe3* ions was further sup-
ported by the finding that nitrocatechols are strong inhibitors of substrate oxidation that
can be induced by non-heme iron dioxygenases such as protocatechuate 3,4-dioxygense
and pyrocatechase. The addition of nitrocatechols to these enzymes, both containing
Fe3*, resulted in profound changes in the UV/VIS and electron paramagnetic resonance
(EPR) spectra suggesting that nitrocatechols chelate Fe3* ions stronger than these en-
zymes resulting in ligand exchanges [293]. Despite the high binding affinity of nitrocat-
echols towards Fe3* ions, the equilibrium constants of nitrocatechols with Fe3* ions are
comparable to those of catechol/Fe3* complexation constants (e.g. Kj= 10195, B3 =43.3
[294] for nitrocatechol/Fe3* vs. e.g. K;=1020-01 | B3 = 43.7 [294] for catechol/Fe3* com-
plexes).

Que et al. noticed significant differences in FTIR spectra between the binding of ni-



1.10. ASSEMBLY OF NANOPARTICLES IN LIPOSOME MEMBRANES 39

trocatechols and catechols to Fe3* containing enzymes. However, the origin of these
differences was not conclusively elucidated [295]. More detailed studies on the binding
of nitrocatechols to iron ions revealed a significantly lower tendency to generate radicals
for nitrocatechol/iron compared to catechol/iron complexes [296]]. Thus the underlying
electron transfer between the nitrocatechol and the Fe3* ions might differ from that of
catechols interacting with Fe3+.

More generally, electronegatively substituted catechols such as, nitrocatechols [297] and
chlorocatechols [298] were reported not only to bind well to iron oxide surfaces but also
to TiO, and the former also to Al O3 surfaces. Based on complexation studies of these
anchors with Fe3* and A[3*, the increased complexation strength of electronegatively
substituted catechols compared to unsubstituted counterparts was related to the increased
acidity of the former compounds [299, 300]. As a result of the high binding affinity of
nitrocatechols to 7i0;, PEG-nitrodopamine has proven to be well suited to form polymer
brush adlayers on flat TiO; surfaces [301].

Spacer

Apart from anchors, suitable spacers are crucial to achieve good steric NP stability (Fig-
ure [[.I0). The primary task of spacers is to prevent that NPs get into too close prox-
imity, where Van-der-Waals attraction interactions start to predominate. Furthermore,
spacers greatly impact the zeta potential and, as outlined in section [[.8.1] the circulation
time of such-stabilized NPs if applied in vivo. Therefore, the spacer length and config-
uration are, next to an appropriate anchor, important factors to control the NP stability
and performance. For biomedical applications, the most commonly used spacer is PEG
(15, 187),1302].

1.10 Assembly of Nanoparticles in Liposome Mem-
branes
1.10.1 Liposomes Containing Nanoparticles in their Membranes

Appropriate surface modification of NPs is not only crucial for applications of individ-

ual NPs but also if NPs are assembled in vesicular superstructures. In the latter case,
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Figure 1.14: Liposomes containing NPs in their membranes. (a) Cartoon of a liposome containing NPs
in its membrane [303]. (b) TEM image of sonicated liposomes containing 1.5 - 2 nm core radius Ag
NPs, stabilized with stearylamine, in their membranes [304]. (c) Cryo-TEM of extruded liposomes loaded
with 1 nm core radius Au NPs. NPs were stabilized with decanethiol [303]. (d) Confocal fluorescence
image of giant liposomes loaded with TOPO stabilized CdSe QDs. The radius of stabilized NPs was 2.5
nm. Liposomes were prepared by electroswelling [306]. (e) Cryo-TEM of sonicated liposomes hosting
CdSe|ZnS core-shell QDs in their membranes. QDs were 1 nm in radius and stabilized with TOPO [303]].
(f) Cryo-TEM of sonicated liposomes. Oleic acid stabilized iron oxide NPs were loaded in these membranes

[176].

NP stability greatly influences membrane properties. Encapsulation of NPs in liposome
membranes was pioneered by English et al. [307]. They sonicated and extruded lipo-
somes that contained octanol surface modified SiO, NPs in the membranes and showed
unchanged permeability of NP functionalized liposomes compared to their unmodified
analogues. Furthermore, fluorescence quenching experiments revealed that a fraction of
the SiO; NPs was deeply embedded in the liposome bilayers whereas other SiO, NPs
were in close proximity to the bilayer interface. The latter NPs likely were agglomerated.
Incorporation of NPs into liposome membranes causes massive distortions of the mem-
branes. Thus, the influence of NPs on liposome properties were studied by numerous

groups and are briefly summarized below.
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Influence of Nanoparticles on Membrane Properties

Park et al. studied the effect of the incorporation of 3 - 4 nm Ag [304] and Au [308] NPs
into liposome bilayers on their fluidity. They found increased lipid mobility in the liquid
crystalline phase (7" > T,,) whereas lipids remained immobile in the gel phase (T < T,)
even in the presence of NPs. For these studies, Au and Ag NPs were surface modified
with the reversibly adsorbing stearylamine. Whether the increased membrane fluidity in
the liquid crystalline phase of liposomes hosting stabilized NPs in their membranes is a
result of the NPs or of free stearylamine, that dissociated into the membranes, remains
unanswered.

A related and still debated question is the influence of the presence of in liposome
membranes embedded NPs and their concentration on 7;,. While Gopalakrishnan et al.
claimed 7;, of neutral liposomes to be independent on the NP loading [306]], a decrease
and broadening in 7;,, was observed by Bothun ef al. when they loaded a sufficient amount
of NPs into the liposome bilayer [309, 310]. The same group reported that 7;, of DPPC
liposomes increased with increasing concentration of oleic acid stabilized iron oxide NPs
loaded into liposome membranes [[176].

Lipid membranes are known to be thicker in the gel phase compared to the fluid phase
[311]. The authors assigned the shift of 7;, to the assumption, that NPs preferentially em-
bed in thicker membranes. However, experimental evidence for this statement other than
DSC curves, that reveal a change in 7;,, but do not provide information on the underlying
reason for this change, are lacking.

These contradictory findings could partially be caused by the different amounts of NPs
in the membrane. Significant changes in 7, were only observed for high NP loadings
if incorporated into zwitterionic or if NPs were incorporated in cationic liposome mem-
branes. However, these changes could also be related to partial NP agglomeration caused
by a poor binding affinity of the dispersant used to modify the surface of NPs or the direct

influence of dissociated dispersants on the membrane lipid mobility.

Influence of Nanoparticles on Liposome Size and Shape

Next to the influence of NPs on the membrane properties, NPs also affect the overall
liposome size and shape. Based on cryo-TEM investigations of liposomes containing tri-
octylphosphinoxide (TOPO) coated QDs, it has been claimed that high concentrations of

QDs forced liposome membranes to open up forming pockets, where QDs were accumu-
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Figure 1.15: Cartoon of NPs incorporated into SLBs. (a) NPs incorporated into SLBs require that SLBs
upen up free space. Opening up of the liposome membrane creates "empty space”. This "empty space" is
against principles in nature where "empty spaces" are avoided. (b) Liposome hosting NPs in their membrane
core are highly curved around NPs. Through this high curvature "empty space" can be avoided. (c) If NPs
are assembled in close proximity in SLBs, the energy penalty for incorporating NPs in SLBs is claimed to
be lowered.

lated in. This is opposed to the case of liposomes hosting only a low concentration of
perfectly spherical QDs in their membranes (Figure [303].

Not only the vesicle shape but also their size is influenced by NPs. Binder ef al. incor-
porated TOPO-stabilized CdSe QDs and hexanethiol stabilized Au NPs (both cores had
a diameter of ~» 2 nm) into liposome and polymersome bilayers, respectively. Polymer-
somes consist of amphiphilic block-co-polymers that assemble into a vesicular structure.
Compared to liposomes, polymersomes are less susceptible to traces of organic solvent
and thus more robust [[140]. They reported significantly smaller sizes of polymersomes
containing NPs in their membrane compared to unmodified polymersomes [312]. In con-
trast, oleic acid stabilized iron oxide NPs were reported to increase the overall size of
DPPC liposomes if the lipid : NP ratio was below 25000 : 1 [[176]].

Membrane Distortions

In 2010, 2 nm core diameter Au NPs were embedded into liposomes through extrusion or
detergent removal techniques [305]. Cryo-TEM investigations of the resulting liposomes
revealed that liposomes in the same sample were either completely loaded with 2 nm
core diameter, dodecanethiol stabilized Au NPs or they did not contain any Au NPs (Fig-
ure[I.T4). That no liposomes were observed that were loaded with an intermediate amount
of Au NPs was assigned to the energy penalty that has to be paid if NPs are embedded
in the membranes. NPs embedded in membranes necessitate that phospholipid bilayers
open up more free space (Figure[I.T5). In the proposed picture, this creates empty space
within the bilayer, that is energetically expensive. If NPs cluster, this energy penalty can
be reduced because the membrane does not have to deform equally with each subsequent
addition of NPs if NPs pack closely [305] (Figure [I.15])).

Membranes have to open up more free space in the membranes, the larger the NP size
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is. Theoretical studies revealed that it is energetically favorable to incorporate NPs into
the liposome membrane only if the NP diameter is < 6.5 nm. Larger hydrophobic NPs
are preferentially surrounded by a phospholipid monolayer [313]. This finding is experi-
mentally supported by the observation of Vogel and co-workers. They demonstrated the
feasibility of incorporating TOPO-stabilized CdSe QDs with a core diameter of 3 nm
(resulting in a total diameter of 5 nm) into liposomal membranes where the liposome di-
ameter ranged from 50 nm to a few tens of um. However, they failed to incorporate 8
nm diameter QDs into such membranes [306]. Furthermore, simulations revealed that
charged NPs embedded in lipid membranes promote the formation of micelles that sepa-
rate themselves from the bilayer leading to rupture of the membranes [314]]. Hence, only
uncharged, hydrophobic NPs with a diameter < 6.5 nm can successfully be embedded in

liposome bilayers.

1.11 Nanoparticles as Markers and Actuators

As described above, applications of iron oxide NPs especially in the biomedical field
are diverse. Individually stabilized NPs can serve as contrast agents and markers e.g.
for cell separation purposes. Stabilized NPs can also be assembled in thermoresponsive
materials where they can actuate these smart materials e.g. by triggering release of content
encapsulated in vesicular structures. Common to all these applications is the requirement
to closely control NP size, stability and surface presentation of functional groups. Key to
meet these requirements are dispersants that sterically stabilize NPs and allow to modify

their surface according to specific needs.






CHAPTER 2

Scope of the Thesis

Iron oxide NPs are increasingly used in vitro for tracking and manipulating purposes and
in vivo for diagnostic and therapeutic applications. However, published results and con-
cepts about NP preparation and properties such as stability and in vivo performance is
still debated and often non-conclusive. The contradictory literature is to a large extent
the result of poor NP stability and characterization. Despite the tremendous amount of
work and money invested in research in this area and the consensus about the importance
of surface chemistry and NP stability for their performance, surface functionalization of
oxide NPs with hydrophilic dispersants can still not be controlled to the level required
especially for biomedical applications. The fast developments of new diagnostic and
therapeutic techniques routinely used in the biomedical field require increasingly close
control over NP surface properties and surface-presentation of functionalities. Addition-
ally, many of these applications demand that the NP surface can flexibly, experimentally
easily and cost-effectively be custom modified. It is the aim of this thesis to achieve suf-
ficient control over the stability, assembly and surface-presentation of functionalities of

iron oxide NPs. This aim can be summarized in three main objectives.

Objective I

Objective I of this thesis is to optimize low molecular weight (M,,) dispersants for iron
oxide NP stabilization. These studies encompass three parts: the NP core, the dispersant
anchor and the dispersant spacer. If the influence of the dispersant anchor on the NP
stability is to be elucidated, iron oxide NPs should present a capping agent free, defined

surface. Therefore, different protocols to synthesize iron oxide NPs in the absence of
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capping agents are compared regarding their control over core size and size distribution.
Subsequently, the binding affinity of dispersant anchors is correlated to the iron oxide NP
stability and dispersant grafting density. This includes an in-depth investigation of elec-
tronic interactions of selected anchors with iron oxide NP surfaces. Finally, the influence
of the spacer M,, on the shell thickness, dispersant packing density and dispersant density
profile is related to the NP stability.

Objective 11

Iron oxide NPs intended for biomedical applications are often required to present ligands
and second functionalities on their surface. It is the second objective of this thesis to
compare different strategies to immobilize functionalities on the surface of individually
stabilized core-shell NPs. This comparison is focused on the influence of ligands and

functionalization methods on the control of the NP size, stability and functionality.

Objective 111

Iron oxide NPs can be used as actuators of thermoresponsive materials. They generate
heat if subjected to an alternating magnetic field (AMF). It is the third objective of this
thesis to design and characterize liposomes carrying hydrophobic iron oxide NPs in the
hydrophobic core of their membranes for triggering changes in the liposome permeabil-
ity. Liposomes, that have a greatly enhanced permeability enhanced around their melting
transition temperature, can be used as delivery vehicles and nanoreactors. Due to size
restrictions of liposome membranes, only individually stabilized hydrophobic NPs of the
size comparable to the membrane thickness can be assembled in these membranes. Thus,
it is aimed to stabilize iron oxide NPs individually using hydrophobic dispersants and to
subsequently assemble these NPs into the liposome bilayer. Emphasis is put on the char-
acterization of the liposome structure and the mechanism with which cargo release can be

triggered using an AMF.

Structure of the Thesis

The thesis is structured following the core-shell structure of NPs starting from the inner-

most part of NPs, the core (Figure [2.1)). The experimental part (chapter [3)) describes the
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Figure 2.1: Cartoon of the structure of the thesis. This thesis is structured like a core-shell NP. It starts
from the core synthesis and subsequently describes the different building blocks of a sterically stabilized
NP. It ends with the assembly of a superstructure which is responsive to alternating magnetic fields.

synthesis of dispersants, cores, the NP stabilization and functionalization. The different

methods used to characterize NPs are summarized in chapter [

Iron Oxide Core Synthesis (Chapter[3)

Control over the iron oxide core size and size distribution is crucial for applications that
require good magnetic responses. Furthermore, for fundamental studies it is critical to
minimize the core size distribution. Iron oxide NPs with narrow size distributions are
typically synthesized using oleic acid as a capping agent. However, oleic acid binds to
the iron oxide NPs rendering them hydrophobic. To avoid the hydrophobic oleic acid
layer presented at the NP surface, the influence of the synthesis conditions on the iron
oxide core shape, size and size distribution was first assessed for capping agent-free syn-
thesis routes. Iron oxide NPs were synthesized with three different methods, namely by
aqueous precipitation and by two non-aqueous sol-gel methods. The non-aqueous sol-gel
syntheses were conducted at elevated temperatures using the microwave (MW) and oil
bath as energy sources, respectively. The non-aqueous sol-gel method, where NPs were
grown in the oil bath for prolonged times, yielded the best control over NP size and the
narrowest size distribution. Parts of these results are summarized in publications (Isa et
al. CHIMIA, 2010, Amstad et al. in preparation).
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Anchors for Steric Stabilization of Iron Oxide Nanoparticles (Chapter |6)

The suitability of catechol anchors, often used to sterically modify iron oxide NPs, is
debated. To shed light on the influence of anchors on the NP stability and the suitability
of catechol anchors to immobilize molecules on iron oxide NPs, eight different catechol
derived anchors were compared. As-synthesized iron oxide NPs were stabilized with low
M,, dispersants which consisted of anchors covalently linked to PEG spacers. Stability
of iron oxide NPs was investigated with dynamic light scattering (DLS). It was found
that nitrocatechols are well suited as anchors to surface modify iron oxides. They vastly
outperformed the well-known (unsubstituted) catechols. The results of these studies have

been summarized in a publication (Amstad et al., Nano Letters, 2009).

Mechanistic Aspects of Anchor-Iron Oxide Interactions (Chapter|[7)

To gain a better understanding of the mechanism of how anchors bind to iron oxide sur-
faces, the underlying electron interactions between selected catechols with iron oxide
surfaces were studied. Such a deeper understanding paves the way to further optimize
anchors and potentially allows to theoretically predict the suitability of anchors to bind
to different oxides. It was found that electronegative ring substituents such as NO, fa-
cilitate electron delocalization between the catechol derivative and surface bound iron.
This electron delocalization leads to an increased electron density at the electronegatively
substituted catechol and an electron deprived iron center which showed up as Fe3* in the
electron paramagnetic resonance (EPR) spectra. The facilitated electron delocalization is
responsible for the higher affinity of electronegatively substituted compared to unsubsti-
tuted catechols. These studies are reported in two publications (Amstad et al. accepted in

Journal of Physical Chemistry C and Amstad et al. submitted).

Iron Oxide Nanoparticle Shell (Chapter|(8)

The dispersant shell determines NP stability. Furthermore, calculations of interparticle
interaction potentials require knowledge about the dispersant density profile at the NP
surface. Therefore, this chapter focuses on the influence of the PEG M,, on the NP stabil-
ity, dispersant layer thickness, packing density and the dispersant density profile. It was
shown that iron oxide cores with radii between 2.5 nm and 5 nm are most stable if the

PEGs with a M,, between 5 kDa and 10 kDa are used as spacers. Small angle neutron
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scattering (SANS) results indicate that the density profile of these dispersants decays fol-
lowing an exponential function. Parts of these results are summarized in two publications
(Isa et al. CHIMIA, 2010 and Amstad et al. in preparation).

Iron Oxide Nanoparticle Functionalization (Chapter [9)

Many different strategies to immobilize additional functionalities and ligands on iron ox-
ide NPs are known. However, a thorough characterization of NPs functionalized with
ligands such as antibodies including a direct comparison of the performance of NPs func-
tionalized through different linking strategies is elusive. Advantages and disadvantages
of some often used coupling strategies to functionalize individually stabilized core-shell
NPs with antibodies and fluorophores were elucidated. Biotinylated NPs that were func-
tionalized with biotinylated antibodies through an avidin monolayer crosslinked during
functionalization and consequently agglomerated. Similar crosslinking reactions were
observed if antibodies were covalently linked to acrylate presenting NPs through amine
groups. However, fluorophores containing exactly one amine group per molecule could
easily be covalently linked to acrylate presenting NPs. The resulting multimodal NPs
could be visualized with MRI and fluorescence microscopy. Parts of these results have
been published (Amstad ez al. Small, 2009).

Assembly of Iron Oxide Nanoparticles into Thermoresponsive Superstructures (Chap-

ter [10)

Thus far, only noble metal and semiconductor NPs could successfully be incorporated
into liposome bilayers. It was the goal of this chapter to individually stabilize NPs using
hydrophobic dispersants, such that they could be assembled into vesicular superstructures.
The dispersants consisted of the same catechol derived anchor used in chapters [§] and [9]
but covalently coupled to a hydrophobic tail. NPs individually stabilized with a thin hy-
drophobic dispersant monolayer self-assembled into the hydrophobic part of the liposome
membrane. The liposome morphology and size was analyzed with transmission electron
microscopy (TEM), DLS and SANS. The influence of NPs on membrane properties such
as membrane deformation and liposome melting temperature were studied using SANS
and differential scanning calorimetry (DSC). It was found that iron oxide NPs embedded
in liposome membranes can locally increase T to 7, during exposure to an AMF lead-

ing to cargo release. Triggering efficiency of liposomes hosting iron oxide NPs in their
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membranes was much higher than that of magnetoliposomes that contained iron oxide
NPs in their lumen. This work will be reported in a future publication (Amstad et al. in

preparation).

Conclusions and Outlook (Chapters [12|and [13)

Following the conclusions, preliminary results and future directions on different topics
are summarized in the outlook. First results on the affinity of nitroDOPA to different
oxides and its implication for their stability are presented. The outlook is concluded with
preliminary SANS data indicating that hydrophobic iron oxide NPs can also be embedded

in polymersome membranes.

Appendix

The effect of different parameters used during stabilization of iron oxide NPs on their
stability is presented in section Section [M.2] summarizes preliminary results on the
ability of nitroDOPA to replace oleic acid on the iron oxide NP surface. Furthermore, the
effect of the PEG M,, on the stability of bimodally distributed NPs is summarized (sec-
tion [M.3). Potential deficiencies in the commonly used characterization of NP stability
intended for in vivo applications are discussed in section [M.4] Finally, the results of the

chemical analysis of the dispersants used in this thesis are complied in section



CHAPTER 3

Experimental

3.1 Dispersant Synthesis

3.1.1 Materials for Dispersant Synthesis

Methoxy-terminated, biotin and acrylate terminated PEG-NHS was purchased from
Jenkem (Allen, TX) and palmityl-NHS (purity > 90%)from Fluka (Switzerland).
DOPA (purity = 99%), hydroxydopamine (purity = 99 %) were bought from Acros,
3-hydroxytryamine-hydrochloride (purity >98.5%), mimosine (purity = 98%), N-
hydroxysuccinimide ester (palmityl-NHS), ethan-1,2-diamine, benzylalcohol, N, N-
dimethyl formamide (DMF), NaCl, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) and Sephadex G75 (superfine), rhodamine 110 chloride (purity > 99 %) from
Sigma and Triphenylphosphine-3,3’,3”-trisulfonic acid trisodium salt hydrate (Tris) from
Alfa Aesar.

3.1.2 Synthesis of Anchors

Nitrodopamine and nitroDOPA were synthesized according to Napolitano ez al. [3135].
Starting from kojic acid hydroxypyridine was synthesized by replacing the aliphatic alco-
hol by chlorine according to Ma et al. [27] followed by a removal of chlorine [316]]. The
aromatic alcohol was protected with benzyl [27] before the aromatic oxygen was substi-
tuted with ethylenediamine [316].
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Hydroxypyrone was synthesized starting from kojic acid. The aliphatic alcohol was re-
placed by chlorine [27] and subsequently by azides [317]] before it was converted to konjic

amine [318]].

3.1.3 PEG-Anchors with PEG M,, > 1 kDa

PEG(1.5)-NHS, PEG(5)-NHS, PEG(10)-NHS, PEG(20)-NHS, acrylate-PEG(5)-NHS,
acrylate-PEG(7.5)-NHS and biotin-PEG(3.6)-NHS were coupled to anchors according
to a slightly modified protocol from Zurcher et al. [319]. Because of different solubilities
of the anchors, mimosine, nitroDOPA and nitrodopamine were coupled to PEG-NHS in
borate buffer whereas the remaining anchors were coupled in a mixture of ethanol and
chloroform.

1 mol equ of the respective anchor (0.2 mmol anchors) was dissolved in 20 ml sodium
borate buffer (pH = 8.4) before 1 mol equ PEG-NHS was added to reactions conducted
in sodium borate buffer. For reactions conducted in organic solvents, 0.2 mmol anchors
were dissolved in 20 ml ethanol before it was mixed with 1 mol equ PEG-NHS dissolved
in chloroform (0.02 mmol PEG-NHS was dissolved in 5 ml chloroform). For the latter
reaction, PEG-NHS was activated by adding 1 mol equ morpholine. After 24 h reaction at
room temperature under constant magnetic stirring, the solution was acidified with con-
centrated HCI. It was extracted with chloroform before it was precipitated in diethylether
and vacuum dried. Typical yields were between 70 and 90 wt%. Dispersants were ana-
lyzed with matrix assisted laser desorption/ionization time of flight (MALDI-TOF), mi-
croelement analysis and ! H- and 13C-NMR.

The coupling efficiency of reactions conducted in sodium borate butter was considerably
lower compared to those conducted in organic solvents because PEG-NHS partially hy-
drolyzed in borate buffer before it reacted with amines of the anchor groups (section|M.5).
To increase the yield, coupling of e.g. nitrocatechols to PEG-NHS could be done in DMF
instead of sodium borate buffer. In this case, 1 mol equ morpholine needed to be added
to DMF to activate PEG-NHS.

3.1.4 PEG-Anchors with PEG M,, <1 kDa

PEG(0.8)-anchor dispersants were synthesized similarly to what has been described for
the other PEG-anchor dispersants (section [3.1.3)). However, PEG(0.8) is liquid at room
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temperature, and did not precipitate in diethyl ether as a powder. Therefore, nitroDOPA
was coupled to PEG(0.8)-NHS in sodium borate buffer at a molar ratio of PEG-NHS
: nitroDOPA =1 : 1 (0.57 g nitroDOPA was dissolved in sodium buffer before 2 mg
PEG(0.8)-NHS was added). The reaction was conducted at room temperature for 24 h
under constant magnetic stirring. PEG-nitroDOPA (and hydrolyzed PEG-COOH) were
extracted in chloroform. Chloroform was evaporated using a rotary evaporator before it
was completely dried in vacuum. The yield was ~ 75 wt% (see section [M.5]).

3.1.5 Palmityl-nitroDOPA

1 mol equ nitroDOPA (1.8 g) was dissolved in 60 ml DMF. 1 mol equ palmityl-NHS was
added and activated with 1 mol equ morpholine. The reaction was magnetically stirred
for 20 h at room temperature before it was acidified with concentrated HCI. Palmityl-
nitroDOPA was extracted in dichlormethane. After dichlormethane was partially evap-
orated using a rotary evaporator, palmityl-nitroDOPA was precipitated with Millipore
water (R =18.2 Q, TOC < 6 ppb). The dispersion was thoroughly washed with Millipore
water to ensure complete removal of unreacted nitroDOPA before the filtrate was freeze-
dried. The yield was ~» 60 wt%. Identical to the other dispersants, palmityl-nitroDOPA
was analyzed with MALDI-tof, microelement analysis and !H- and 13C-NMR. For the

latter analysis, palmityl-nitroDOPA was dissolved in deuterated methanol.

pK, Determination
2 mM of the respective anchor was dissolved in Millipore water containing 160 mM NaCl.

These solutions were titrated with 0.1 M HCI and NaOH respectively using a SevenMulti
pH meter (Mettler Toledo, Switzerland).

3.2 Preparation of Oxide Substrates

3.2.1 Materials for Core Synthesis

Fe(ac), (batch 517933 and 51933, Lot 039011J), Mg (OC»Hs),, Fe (acac)4, Al (acac),
Mn(ac), Mn(acac),, TiCls, Al,O3 NPs, Sephadex G75 superfine and 25% ammonia
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solution were purchased from Fluka (Switzerland). For the MW assisted NPs synthe-
sis batch 517933 (Lot 03901JJ) was used whereas NPs synthesized in the oil bath were
made from batch 51933. Chloroform was bought from Acros, benzylalcohol, pyrrolidone,
ethanol and diethyl ether from Sigma and Si oil (A12728) for the oil bath from Alfa Aesar.

All solvents were purity grade and used as-received.

3.2.2 Iron Oxide Core Synthesis: Aqueous Precipitation

To synthesize iron oxide NPs by aqueous precipitation methods the protocol established
by Massart was followed [320]. A typical batch was synthesized out of 198.8 mg (1.2
mmol) FeCl, and 540.6 mg (2.3 mmol) FeCl3. Black precipitates indicated the imme-
diate iron oxide NP formation after the pH was shifted > 10 using concentrated NaOH.
The resulting NPs were neutralized by washing them with 10 mM HEPES solution. To
accelerate NP agglomeration especially at high pH, where NPs were electrostatically sta-
bilized, 160 mM NaCl was added to the HEPES buffer.

3.2.3 Iron Oxide Core Synthesis: Microwave Assisted Synthesis

A protocol established by Bilecka et al. [321] was followed for the MW assisted iron
oxide cores synthesis. Unless stated otherwise, 1 mmol (173 mg) Fe (ac), or 1 mmol (353
mg) Fe (acac), was dissolved in 5 ml benzylalcohol or pyrrolidone respectively under Ar
atmosphere. Depending on the targeted mean core size, the dispersion was heated for 30
sup to 1 h at 180°C in Ar atmosphere in a MW (Discover S-class, CEM, NC, USA).
However, the actual temperature inside the reaction vial differed between different MWs
of the same type and bought from the same company. Thus, temperature dependent NP
size determinations might not be directly translated to the NPs synthesized in other MWs.
As-synthesized NPs were washed once with 10 ml ethanol before they were re-dispersed

in 10 ml fresh ethanol resulting in an iron oxide NP concentration of ~ 10 mg/ml.

3.2.4 Oil Bath Synthesis
Iron Oxide Nanoparticle Synthesis

1 mmol (173 mg) Fe (ac), was dissolved in 5 ml benzylalcohol. To dissolve the precur-

sor, the dispersion was magnetically stirred in an oil bath under atmospheric conditions
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Figure 3.1: Oil bath synthesis of Fe3O4 NPs. (a) Fe(ac), was dissolved in in benzylalcohol before (b)
Fe304 NPs were grown at temperatures between 150 and 180 °C.

for 1 h at 70 °C before the temperature was increased to 150 °C, 165 °C or 180 °C. Unless
stated otherwise, NPs were grown at the respective temperature for 24 h under constant
magnetic stirring (Figure [3.1). The resulting black dispersion was mixed with 5.5 ml
ethanol, centrifuged for 10 min at 14’000 rpm (MiniSpin, Vaudaux Eppendorf, Switzer-
land) before the supernatant was exchanged with 10 ml ethanol. These NPs were washed

two more times with twice 10 ml ethanol before they were stabilized.

TiO, Nanoparticle Synthesis

TiO, NPs were synthesized following the protocol of Kotsokechagia et al. [322]. Briefly,
1 ml TiCly was slowly added to 5 ml ethanol followed by the addition of 20 ml benzy-
lalcohol. The solution was heated to 80 °C using an oil bath and magnetically stirred at
this temperature for 12-16 h. NPs were precipitated with 100 ml diethyl ether and washed
twice with 2 x 100 ml ethanol.

SiO, Nanoparticle Synthesis

SiO, NPs were synthesized according to Busbee er al. [323,[324]. 120 ml ethanol, 1.1 ml
Millipore water, 3.4 ml 25 % ammonia solution and 3 ml tetraethoxysilane (TEOS) were

magnetically stirred at room temperature for 9 h. The resulting NPs were dialyzed against
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2 1 Millipore water for 1 week using dialysis tubes with a cut-off of 25 kDa (Spectra/Por

dialysis membrane, spectrum labs, Netherlands). Water was exchanged twice a day.

Mg (OH ), Nanoparticle Synthesis

To synthesize Mg (OH), NPs, 1 mmol (114 mg) magnesium ethoxide (Mg (OCyHs),)
was dissolved in 5 ml acetophenone. This dispersion was heated to 180 °C and kept at
this temperature for 1 h. The synthesis was performed under Ar atmosphere. NPs were

washed twice with 2 x 10 ml fresh ethanol.

MnO Nanoparticle Synthesis

MnO NPs were synthesized according to a slightly modified protocol of Bilecka et al.
[321]]. 1 mmol of Mn (ac), or Mn (acac), respectively was added to 5 ml benzylalcohol.
This suspension was heated in Ar atmosphere in the MW to 180 °C for 1 h. Benzylal-
cohol was exchanged with 10 ml ethanol before these NPs were washed once with 10
ml fresh ethanol. However, according to XRD analysis, both precursors, Mn (ac), and
Mn (acac), resulted in MnO NPs in contrast to what has been reported by Bilecka et al.
where Mn (acac), yielded Mn3zO4 NPs [321].

MnO, Nanoparticle Synthesis

MnO;, NPs were synthesized according to the protocol of De Guzman et al. [325]. 589
mg KMnO,4 and 880 mg MnSO4 x HyO were dissolved in 10 ml and 3 ml Millipore water
respectively. The two solutions were combined before 0.3 ml concentrated nitric acid was
added. The solution was magnetically stirred under reflux for 24 h at 100 °C. NPs were

washed twice with Millipore water.

3.2.5 Magnetron Sputtering of Flat Iron Oxide Films

Thin iron oxide films were magnetron sputtered (PVD products, MA, USA) onto one
side polished 10 x 10 mm? Si wafers (Silicon materials, Germany). Metallic Fe targets
(purity 99.9%, Kurt J. Lesker, UK) were reactive sputtered at P = 200 W for 10 min at p

= 5 mtorr. The influence of p (0;) during reactive sputtering on the resulting iron oxide
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Table 3.1: Parameters used to fit the XPS Fe 2p3, peak of iron oxide films.
\ BE (eV) \ FWHM (eV) \ % gauss \ tail parameter ‘

Fe3* 710.2 £ 0.1 2.4 45 0.0
Fet 709.0 £ 0.1 2.4 45 0.0
FeOOH | 7115 + 0.1 3.4 45 0.0
Fee 706.6 £ 0.1 1.5 85 0.9
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Figure 3.2: Oxidation state of iron in iron oxide films. The atomic percentage of Fe>t (-m-), Fe** (-@-),
FeOOH (-A-) and Fe (met) (-w-) of thin reactive magnetron sputtered iron oxide films could be controlled
by adjusting the oxygen partial pressure during magnetron sputtering.

stochiometry was investigated with XPS (Figure and Table . The atomic Fe3*
percentage rose significantly if p(0,) was 30 at% whereas the atomic Fe2* percentage
decreased, indicating an oxidation of Fe2* to Fe3*. The amount of metallic iron decreased
with increasing p (O, ). No metallic iron was detectable at p (O;) > 35 vol%. The Fe2p 3
spectra measured by XPS were fitted with four gaussian/lorenzian convoluted peaks with
the parameters shown in Table|S.1]after a Shirley background had been subtracted. These
fit parameters are in the range of reported values [320].

It was found that an atmosphere consisting of 20 vol% O, and 80 vol% Ar resulted in
thin Fe3O4 films. Thus, substrates used for investigations of the influence of anchors on
the PEG brush density on flat surfaces and for NEXAFS studies were reactive sputtered

under these conditions.
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Table 3.2: Stabilization of oxide NPs.

oxide \ ethanol (ml) \ dispersant (mg) \ NP dispersion (ml) ‘
Fe304, oil bath 0.5 8 0.5

Fe304, microwave 09 8 0.1

Fe,; 03, microwave 09 8 0.1

TiO, 0.5 8 0.5

SiO, 0 8 1
Mg(OH), 0.5 8 0.5

Al O3 0.9 8 0.1

MnO 0.5 8 0.5

MnO, 0.9 8 0.1

3.3 Nanoparticle Stabilization

3.3.1 Nanoparticles Synthesized with the Aqueous Precipitation
Method

As-synthesized NPs were stabilized within 4 h after the synthesis was completed. To
a typical batch of iron oxide NPs resulting from 1.2 mmol FeCl, and 2.3 mmol FeCl3,
24 umol, of PEG(0.55)-gallol or PEG(5)-gallol dissolved in 25 ml Millipore water was
added. NPs were dispersed in this solution by pulsed sonication (5 min, P = 105 W/cm?,
pulse frequency = 1 s on, 1 s off, UP260s, Hierschler GmbH). To stabilize NPs with a mix-
ture of biotin-PEG(3.4)-gallol and mPEG(0.55)-gallol, 25 ml Millipore water containing
2.4 umol of the former dispersant was added to uncoated NPs before they were soni-
cated and back-filled with 21.6 pmol mPEG(0.55)-gallol. NPs were sonicated a second
time according to the above described procedure. Excessive dispersants were removed
by ultracentrifugation using a filter with a cut-off of 30 kDa (vivaspin, Epson). The filter
cake was re-suspended in Millipore water before the dispersion was freeze-dried (dryer
ALPHA 1-2 / LDplus, Kuhner LabEquip, Switzerland). NPs were re-suspended in PBS,
HEPES or Millipore water, sonicated for 30 min, and centrifuged for 10 min at 25’000
g (Eppendorf centrifuge 5417R) to eliminate agglomerates. The dispersed NPs in the

supernatant were freeze-dried a second time.
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Figure 3.3: Stabilization of Fe304 NPs. (a) Dispersants were adsorbed on as-synthesized Fe304 NPs
before (b) ethanol was exchanged with Millipore water and excessive dispersants were removed by dialysis.
(c) Freeze-dried NPs were re-dispersed in water and remaining free dispersants were removed by column
separation before these NPs were freeze dried a second time. NPs were stored (d) as a powder or (e) in
aqueous solutions.

3.3.2 Nanoparticles Synthesized in Organic Solvents

As-synthesized NPs were stabilized within 6 h after completion of the NP synthesis. Un-
less stated otherwise, NPs were stabilized in ethanol. Because especially PEG-based dis-
persants are poorly soluble in ethanol, they were first aliquotted in DMF at a concentration
of 100 mg/ml. This dispersant solution was pipetted into an eppendorf tube containing
ethanol or DMF respectively before NP dispersions were added at concentrations sum-
marized in Table NPs were stabilized at 50 °C for 24 h under constant mechanical
stirring (Thermomixer comfort, Vaudaux-Eppendorf, Switzerland) (Figure [3.3p).

NPs which were functionalized e.g. with biotin or acrylate terminated dispersants were
first incubated with the functionalized dispersants (unless stated otherwise 10 mol%)
at 50 °C for 30 min under constant mechanical stirring at 500 rpm. Unfunctionalized
dipsersants were added to this dispersion and NPs were incubated for another ~ 23.5 h at
50 °C under constant mechanical stirring at 500 rpm (Thermomixer comfort, Vaudaux-
Eppendorf, Switzerland).

To exchange ethanol with water and to partially remove excessive dispersants, stabilized
NPs were dialyzed for 24 h against Millipore water (Figure [3.3p). Approximately 5 ml

NP dispersion was dialyzed against 50 ml Millipore water and the Millipore water was
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exchanged twice. Fe3zO4 NPs synthesized in the MW were dialyzed using 14-16 kDa
cut-off dialysis tubings whereas the other NPs were dialyzed with 25 kDa cut-off of the
dialysis tubings (Spectra/Por dialysis membrane, spectrum labs, Netherlands). NPs other
than iron oxide were dialyzed for 1 week. Millipore water was exchanged twice a day.
Iron oxide NPs, however, were only dialyzed for one day. Dialyzed NPs were freeze
dried.

To ensure complete removal of agglomerates and free dispersants, FezO4 NPs synthesized
in the oil bath were further purified. Agglomerates and NPs that were coated to less than
full dispersant coverage were removed by centrifuging stabilized Fe304 NPs for 60 min
at 13’400 rpm (MiniSpin, Vaudaux Eppendorf, Switzerland). The supernatant was freeze
dried before these NPs were re-dispersed at a concentration > 10 mg/ml in Millipore wa-
ter. To ensure complete removal of free dispersants, NPs were run through a Sephadex
column (Sephadex G75, superfine) using Millipore water as eluent (Figure [3.3c). NPs
were freeze-dried a second time before they were stored as a powder (Figure [3.3d) or

re-dispersed in an aqueous media at the desired concentration (Figure [3.3f).

3.3.3 NP Stabilization with Palmityl-nitroDOPA

As-synthesized NPs were stabilized within 6 h after the NP synthesis was completed. 6
mg palmityl-nitroDOPA dissolved in DMF at a concentration of 100 mg/ml was added to
0.5 ml ethanol before 0.5 ml of the Fe304 NPs synthesized in the oil bath at, unless stated
otherwise, 150 °C was added. Palmityl-nitroDOPA was adsorbed for 24 h at 50 °C un-
der constant mechanical stirring at 500 rpm (Thermomixer comfort, Vaudaux-Eppendorf,
Switzerland). To remove excessive dispersants, NPs were washed three times by cen-
trifuging them for 30 min at 14’000 rpm (MiniSpin, Vaudaux Eppendorf, Switzerland)
before the supernatant was exchanged with 1 ml fresh ethanol. NPs were centrifuged a
fourth time where ethanol was exchanged with 1 ml Millipore water before these NPs

were freeze-dried.

3.3.4 Dispersant Adsorption on Flat Surfaces

As sputtered Fe3zOy4 substrates were cleaned for 30 min by UV/ozone (UV clean Model
135500, BEOKEL, PA, USA) before they were inserted into a DMF based solution con-

taining 100 pg/ml dispersants or anchors respectively. Dispersants or anchors were ad-
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sorbed for 24 h at 50°C before the substrates were thoroughly rinsed with Millipore water
and dried with N,.

3.4 Nanoparticle Functionalization

3.4.1 Materials for Nanoparticle Functionalization

D,O, Sephadex G75 (superfine) and phosphate buffered saline (PBS) (pH=7.4)
tablets, thodamine 110 chloride (purity > 99%), 6-aminofluorescein and ethan-1,2-
diamine from Sigma, ethanol (absolute) from Scharlau and chloroform from ESCA.
Triphenylphosphine-3,3°,3”-trisulfonic acid trisodium salt hydrate (Tris) was obtained
from Alfa Aesar. L-a-Phosphatidylcholine (egg-PC) and 1,2-Dipalmitoyl-sn-Glycero-
3-Phosphoethanolamine-N-(Cap Biotinyl) (biotin-PE) were purchased from Avanti Polar
Lipids, protein A, neutravidin, bovine serum albumin (BSA) and PBS (containing 2.67
mM KCl, 1.47 mM KH,POy, 137.93 mM NaCl and 8.5 mM NayHPO,) from Invitrogen,
serum (Precinorm U) from Roche, Feridex from Berlex, recombinant human vascular cell
adhesion molecule (VCAM)-1 chimera and biotinylated human anti-E-selectin antibod-
ies from R & D systems, biotinylated anti-human CD106 (VCAM-1) from Lubio science.
Succinimide 4-formylbenzamide (SFB) and succinimidyl 6-hydrazinonicotinamide ace-
tone hydrazone (SANH) was purchased from SoluLink (CA, USA). Fc-tagged human
E-cadherin was a kind gift from Prof. Deborah E. Leckband. PLL-g(3.5)-PEG(2) was

purchased from SuSoS (Switzerland).

3.4.2 Biotin-Avidin Functionalization

Iron oxide NPs synthesized by the aqueous precipitation method and stabilized with
mPEG(550)-gallol and biotin-PEG(3.4)-gallol were functionalized with anti-human-
vascular cell adhesion molecule-1 (anti-human VCAM-1). Functionalization was done
at RT. 50 ug iron oxide NPs dispersed in 500 pl HEPES containing 160 mM NaCl were
further coated with 23 ug neutravidin (corresponding to 7 pmol(neutravidin)/mg(iron
oxide)), where neutravidin was aliquotted at 1 mg/ml in Millipore water. Unless stated
otherwise, 7.5 g biotinylated anti-human VCAM-1 antibodies, aliquotted at 1 mg/ml in
HEPES containing 160 mM NaCl were added to neutravidin pre-coated NPs. Binding

experiments were performed within 1 h after antibodies were added to the NPs.
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3.4.3 Succinimide 4-Formylbenzamide (SFB) - Succinimidyl 6-
Hydrazinonicotinamide Acetone Hydrazone (SANH) Coupling

Iron oxide NPs stabilized with 50 mol% acrylate-PEG(5)-nitroDOPA and backfilled with
PEG(5)-nitroDOPA were modified with ethane-1,2-diamine. NPs dispersed at 1 mg/ml in
Millipore water were mixed with ethan-1,2-diamine at a molar ratio of ethan-1,2-diamine
. acrylated dispersants = 100 : 1 for 3 h at 30 °C under constant mechanical stirring. To
remove excessive ethan-1,2-diamine, NPs were run through a Sephadex column before
they were freeze-dried.

SFB and SANH were aliquotted in DMF at 10 mg/ml. Heat shock protein 60 (HSP60)-
antibodies were incubated in PBS at RT for 2 h with SANH using a weight ratio of SANH
: HSP60 antibody = 1 : 6. Excessive SANH was removed by filter centrifugation with a
cut-off of 50 kDa.

SFB was coupled to acrylated NPs that had previously been modified with ethane-1,2-
diamine, at a molar ratio of amine functionalized dispersants adsorbed on NPs : SFB =1
: 10. Coupling was done in PBS at 30 °C for 2 h.

SANH functionalized HSP60 antibodies were coupled to SFB functionalized NPs at a
molar ratio of HSP60 antibodies : NPs = 15 : 1 in PBS where they were mechanically
stirred (Thermomixer comfort, Vaudaux-Eppendorf, Switzerland) at 37 °C for 3 h. Exces-
sive antibodies were removed by centrifuging NPs for 10 min at 13’400 rpm (MiniSpin,
Vaudaux Eppendorf, Switzerland). HSP60-antibody functionalized NPs were analyzed

within one hour after completion of the functionalization.

3.4.4 Acrylate-Amine Ligand Coupling

Antibodies and second labels were covalently linked to acrylate functionalized iron ox-
ide NPs through a slightly modified protocol of the Michael addition reported by Suren-
dra et al. [327]. MW synthesized iron oxide NPs were stabilized with a mixture of 30
mol% acrylate-PEG(5)-nitroDOPA and 70 mol% PEG(1.5)-nitroDOPA. Freeze dried NPs
were re-dispersed in Millipore water at 1 mg/ml. 140 ug HSP60 antibodies (dispersed in
PBS at 1.7 mg/ml) were added to 0.5 ml of the NP dispersion, which corresponds to ~
20 antibodies per NP. NPs were incubated with these antibodies at 30 °C for 3 h un-
der constant mechanical stirring at 500 rpm (Thermomixer comfort, Vaudaux-Eppendorf,
Switzerland). Excessive antibodies were removed by centrifuging NPs at 13’400 rpm

for 30 min (MiniSpin, Vaudaux Eppendorf, Switzerland) and exchanging the supernatant
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with PBS buffer. However, NPs could not be readily re-dispersed and were strongly ag-
glomerated. NPs that could be re-dispersed after centrifugation agglomerated with time if
kept at RT due to an ongoing reaction between amine groups of on NP coupled antibodies
and acrylate terminated dispersants adsorbed on other NPs. If NPs were not centrifuged,
they agglomerated within 7 h after they had been mixed with HSP60-antibodies. NP ag-
glomeration prevented reproducible binding studies of individually stabilized, antibody

functionalized NPs.

3.4.5 Fluorescent Labeling of Nanoparticles

Iron oxide NPs synthesized in the oil bath, stabilized with 30-50 mol% acrylate-PEG(5)-
nitroDOPA and back-filled with PEG(5)-nitroDOPA or PEG(1.5)-nitroDOPA were flu-
orescently labeled with FITC-NH, and rhodamine respectively. This was achieved by
coupling the fluorophores to the acrylate terminated dispersants that had been adsorbed
on the NP surface. 5.3 mg stabilized, freeze-dried iron oxide NPs were dispersed in Milli-
pore water at a concentration of 1 mg/ml. 0.265 mg FITC-NH; and 0.278 mg rhodamine
(corresponding to ~ 2000 fluorophores per iron oxide core) dispersed in Millipore water
at 10 mg/ml were added to 1 ml solution. NPs were incubated with fluorophores for 3 h at
30 °C under constant mechanical stirring. To remove excessive fluorophores freeze-dried
NPs were re-dispersed in 1 ml Millipore water and run through a Sephadex column using
Millipore water as an eluent. To ensure complete removal of unbound fluorophores, NPs
were freeze dried and column separated two more times before they were freeze-dried

again and stored as a powder.

3.5 Complexation of Anchors with Iron Ions

For FTIR and UV/VIS investigations, 0.137 umol anchors were added to 0.137 pumol
FeCl, and FeCl; respectively which was dissolved in 1 ml Millipore water (R = 18.2 Q,
TOC < 6 ppb), 1 ml 10 mM Tris containing 160 mM NaCl, EtOH and DMF respectively.
For EPR investigations 40 pmol/ml nitroDOPA was complexed with Fe3* and Fe?* at
a molar ratio of nitroDOPA : ironion =3 : 1 and 1 : 1 respectively in Millipore water.
Unless stated otherwise, these solutions were left at RT for 1 h before they were analyzed

with UV/VIS spectroscopy or freeze dried for FTIR and EPR investigation.
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3.6 Liposomes

3.6.1 Materials for Liposomes

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1-stearoyl-2-oleoyl-sn-glycero-3-
phosphochline (SOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
1,2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine-N-[Methosy(Polyethylene

glycol)2000] (Ammonium Salt) (PEG(2)-PE) were purchased from Avanti Polar Lipids
(Alabama, USA). Calcein was obtained from ABCR (Kahlsruhe, Germany), D,0O, N-
N dimethylformamide (DMF), Sephadex G75 (superfine) and phosphate buffered saline
(PBS) (pH = 7.4) tablets from Sigma, ethanol (absolute) from Scharlau and chloroform

from esca chemicals.

3.6.2 Liposome Assembly

886 ug PEG(2)-PE dissolved in CHCl3 at a concentration of 25 mg/ml was added to 5 mg
DSPC, SOPC or POPC respectively dispersed in 0.5 ml CHCI3 before optionally 1.5 mg
palmityl-nitroDOPA stabilized iron oxide NPs, dispersed in 150 pul CHCI3 was added. A
thin film of lipids optionally mixed with hydrophobic NPs was formed by slowly evap-
orating CHCl3 under a constant N, stream. To ensure complete removal of CHCI3, the
lipid film was further dried for 1 h under a constant N, stream.

The lipid film optionally functionalized with iron oxide NPs was swollen in 1 ml Milli-
pore water, PBS or PBS containing 3 mg/ml calcein. Liposomes that were loaded with
PEG(1.5)-nitroDOPA stabilized iron oxide NPs were swollen in PBS containing calcein
and PEG(1.5)-nitroDOPA stabilized iron oxide NPs where the iron oxide concentration
was kept constant at 0.5 mg/ml. To prevent filter clogging by oversaturated calcein solu-
tions, calcein dispersed in PBS at 3 mg/ml was filtered using syringe filters with a cut-off
of 200 nm (Sartorius, Germany) before it was added to the dried lipid film.

The lipid film was swollen for 1 h at 65 °C before it was sequentially extruded 10 x
through 200 nm and 31 x through 100 nm polycarbonate filters using a hand extruder
(Avestin, Mannheim, Germany). Extrusion was performed at 65 °C. As-extruded lipo-
somes could be stored at 4 °C for at least 4 weeks. Liposomes where calcein or PEG(1.5)-
nitroDOPA stabilized iron oxide NPs where embedded in the lumen were run through a

Sephadex column (Sephadex G75) using PBS as an eluent to remove not encapsulated
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fluorophores and NPs respectively and were analyzed within 4 h after column separation

to avoid passive leakage.

3.6.3 Alternating Magnetic Field Heating of Liposomes

1.5 ml calcein loaded liposomes dispersed at a liposome concentration of ~ 0.5 mg/ml
in PBS were treated with an AMF (Easyheat (1.2 kW), Ambrell). AMF was induced by
running 450 A through a 3.5 cm diameter coil which had 6 loops at a frequency of 230
kHz. The sample was localized within only 2 loops. Unless stated otherwise, samples
were treated for 6 x 5 min with 1 min equilibration between each cycle. Fluorescence was
quantified using a fluorispectrometer at an excitation and emission wavelength of 488 nm
and 520 nm respectively. The fluorescence was normalized to the fluorescence of samples
which were not exposed to an AMF and to the volume the vesicle lumen measured with
SANS. Statistics was measured on 3-6 independent identical batches. Calcein loaded
control liposomes with and without palmityl-nitroDOPA stabilized NPs embedded in their

membranes were externally heated at a heating rate of 1 °C/min.






CHAPTER 4

Methods

4.1 Chemical Analysis of Dispersants

4.1.1 Microelement Analysis

In microelement analysis, organic compounds are heated in a combustion chamber to T >
1000 °C in an oxygen/helium atmosphere. The decomposition products of the resulting
catalyzed flash combustion are swept through a reduction chamber which contains helium
as a carrier gas and are analyzed by gas chromatography, infrared spectroscopy or thermal

conductivity measurements [328]].

Experimental

Microelement analysis of the dispersants used here was performed in the Microlaboratory

of organic chemistry at ETH Zurich.

4.1.2 Nuclear Magnetic Resonance (NMR)

NMR is one of the most often used techniques to chemically characterize especially or-
ganic compounds. All stable isotopes which have an odd number of protons and/or neu-
trons posses a net spin quantum number # 0 and thus can be detected with NMR. Due to
their abundance in organic chemistry, the most often analyzed elements are ! H and '3C

1sotopes. Spins of these isotopes align either parallel or antiparallel to the applied external
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magnetic field. They precess around the magnetic field axis with the larmour frequency
@ defined as

@ = YB, 4.1)
where 7 is the gyromagnetic ratio and B the magnetic field. However, the local mag-
netic field B depends on the chemical environment of nuclei. Nuclei are surrounded by
electrons which possess magnetic moments that typically align antiparallel to the exter-
nal magnetic field. By applying a pulsed magnetic field at an angle # O to By, spins are
flipped. NMR measures how quickly these spins re-align along the axis of the external
magnetic field [329].

Experimental

Dispersants used in this thesis were characterized with !H-NMR and '3C-NMR on a
Bruker 500 MHz NMR spectrometer where they were dispersed, unless stated otherwise,
in D, 0.

4.1.3 Mass Spectrometry (MS)

The molecular weight distribution of dispersants was quantified using Matrix Assisted
Laser Decomposition/Ionization (MALDI)-time of flight (tof). MALDI is a soft ioniza-
tion technique often used in biology and to investigate large, fragile polymers. Polymers
are embedded in a matrix which absorbs most of the laser energy, thus preventing poly-
mer degradation by the direct laser beam [330]. Samples are typically illuminated using
a pulsed Yttrium aluminum granat (YAG)-laser. Laser illumination primarily ionizes the
matrix. Even though the exact mechanism is still debated, the matrix is thought to ion-
ize the polymer which subsequently can be analyzed using e.g. tof [331]. The through
MALDI generated ions are accelerated in an electromagnetic field where the final velocity
of the polymer is analyzed. The velocity of the polymer fragments depends on the m/z

ratio where m is the mass and z the net charge of the fragment [329].
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Figure 4.1: Zeemann effect. Energy splitting of unpaired electron spins if an external magnetic field B is
applied

Experimental

MALDI-tof on dispersants was measured by the MS service of the organic chemistry
laboratory at ETH Zurich. It was done on a Bruker Daltonics Ultraflex II equipped with
a YAG Laser (pulse rate = 50 ps). The matrix consisted of a mixture of T-2-[3-(4-t-butyl-
phenyl)-2-methyl-2-propenylidene]malononnitril (DCTB) + Na of 1:10:1.

4.1.4 Electron Paramagnetic Resonance (EPR)
Electron paramagnetic resonance (EPR) spectroscopy is a technique to study species with

unpaired electrons. The energy difference between electrons which are in the magnetic

spin state mg = - 1/2 and those which have m; =+ 1/2 is

AE = gupBy 4.2)

where g is the splitting factor, up is the Bohr magneton and By is the applied mag-
netic field (Figure [4.T).
Electrons occupy the spin states mg = - 1/2 and mg = + 1/2 according to Boltzmann statis-

tics (equation 4.3))

Mupper _ iyt 4.3)
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where n,pper and 1y, are the number of electrons which populate the spin state
mg = +1/2 and - 1/2 respectively, AE is the energy difference between the my = +1/2 and
-1/2 states, kp 1s the Boltzmann constant and 7' the absolute temperature. According to
equation [4.3] electrons of samples which are subjected to magnetic fields more likely
populate the mg = -1/2 spin state. However, they can flip between the two spin states by
absorbing and radiating the energy € (equation {.4)).

£=Vh, 4.4)

where V is the frequency of the electromagnetic radiation and 4 the Planck constant.
Therefore, if the frequency of the external magnet is kept constant and the magnetic field

is swept, electrons absorb energy if equation 4.3|is fulfilled

vh = gugB;, (4.5)

where B, is the resonance magnetic field [332]].

In a typical EPR graph, the first derivative of the measured energy absorption is plotted
as a function of the applied field B. Because of the well-defined, sharp transition between
the mg = -1/2 and +1/2 state of free electrons, they result in a sharp characteristic EPR
signal with g = 2.00 unless there is hyperfine coupling which broadens the signal slightly
(333, 1334].

Spin transitions measured with EPR are sensitive to distortions in the atom ligand field.
Therefore g-values of atoms which have unpaired electrons, such as paramagnetic Fe3*
ions, depend on the coordination of Fe3* ions. Uncomplexed Fe3* ions absorb energy at
g =2.0 [332]. However, depending on the distortion of their ligand field, the g-values can
be shifted up to g =9 [335]. Thus, EPR spectra yield information on the ligand field of
complexed paramagnetic species such as Fe3* ions.

If paramagnetic ions are part of a superparamagnetic ensemble (e.g. Fe3* in iron oxide
NPs), strong magnetic coupling between these Fe3* ions significantly broaden EPR peaks.
Therefore, superparamagnetic NPs result in broad EPR peaks centered at g ~ 2. Dipole-
dipole interactions between different NPs lead to further broadening of the line width
(333, 1336].
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Experimental

In this work, 2-3 mg unstabilized, PEG(5)-nitroDOPA, PEG(5)-dopamine and PEG(5)-
mimosine stabilized freeze-dried iron oxide NPs synthesized in the MW and 7-12 mg
nitroDOPA/iron complexes respectively were analyzed with EPR. Reproducibility was
checked on 2-3 independent identical samples. EPR measurements were done on a Bruker
EMX spectrometer at a frequency of » 9.86 GHz and a power of 2.04 mW at room tem-
perature. The sum of 3 scans is shown. The resonance equation 4.2/ was used to calculate
the g-values. These values correspond to the resonance field B, which is defined as B at
maximum absorption, i.e. zero crossing of the first derivative of the absorption spectrum.
N,N-diphenylpicrylhydrazyl (DPPH) with g = 2.0036 was used as internal standard. The
ratio of the derived intensity peaks was determined based on the total height of the discon-
tinuity resulting from free electrons at g = 2.0 and the height of the Fe3* signal at g = 3.9
with respect to the baseline. Heat treatment was performed in EPR glass tubes. Samples
were heated to 7' > 200 °C for 10 min before they were analyzed with EPR.

4.1.5 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is an often used technique to characterize especially organic molecules because it
can identify molecular vibrations. Organic species absorb light in the mid-infrared region
(typically between =~ 400 and 4000 cm~!) where the molecular bonds are excited and thus
start vibrating. the wavelength, where molecules absorb energy is characteristic for the
bond type (and the electron density of the bond) and can therefore be used to identify
organic molecules [329]1337].

Experimental

200 pg of NPs synthesized in the MW at 180 °C for 3 min were added to 1 ml DMF
or EtOH containing 3.85 umol of the respective anchor. Pure anchors, rather than PEG-
anchors, were chosen for FTIR in order to minimize the interference from the C-O and
C-C stretching bands of the PEG moieties with vibrations from anchors. Anchors were
adsorbed for 24 h at 50 °C while they were constantly mechanically mixed at 500 rpm
(Thermomixer comfort, Vaudaux-Eppendorf, Switzerland). Iron oxide NPs coated with
anchors were purified by washing them 10 times with Millipore water through centrifuga-
tion for 10 min at 13400 rpm. Purified NPs were freeze-dried (freeze dryer ALPHA 1-2/
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LDplus, Kuhner LabEquip, Switzerland).

FTIR spectra of freeze dried NPs coated with anchors were measured as KBr tablets where
the weight ratio of KBr : sample was ~ 100 : 1. Spectra were recorded from 400 to 4000
cm~! at a resolution of 4 cm~! at room temperature and a pressure of < 2 mbar. Spec-
tra were acquired on a Bruker IFS 66v FTIR spectrometer using a deuterated triglycine

sulfate (DTGS) detector where the sum of 64 scans was shown.

4.1.6 Ultraviolet/Visible (UV/VIS) Spectroscopy

While FTIR is used to excite molecular bonds, UV/VIS spectroscopy can measure elec-
tronic transitions within molecules and complexes. Because the amount of absorbed light
linearly scales with the number of molecules which underwent electron transitions at
a specific wavelength, concentrations of compounds can easily be quantified using the
Lambert-Beer law (equation {.6))

Iio = eok (4.6)
where Iy and I are the intensities of the incident and transmitted beam, € the extinction
coefficient, ¢ the concentration and L the path length of light in the sample.

Especially metal ions complexed by chelators often result in characteristic strong absorp-
tions in the UV/VIS region. This renders UV/VIS spectroscopy attractive to identify the
presence and determine the concentration of metal ions by adding an appropriate chelator.
Furthermore, UV/VIS spectroscopy can be used to e.g. investigate electronic transitions

involved in the complexation of ligands to metal ions [329].

Experimental

In this thesis, electron transitions between anchors and iron ions were studied with
UV/VIS spectroscopy. For this purpose, UV/VIS spectra were recorded on 0.505 uM
anchor containing solutions where optionally iron ions were added. Spectra were ac-
quired at room temperature on a Cary 1E UV/VIS spectrometer (Varian) between 200
and 800 nm.
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Figure 4.2: Bragg equation. 1llustration of the Bragg equation where d is the lattice spacing.

4.2 Nanoparticle Core Analysis

4.2.1 X-ray Diffraction (XRD)

XRD is a non-destructive technique to analyze the crystallographic structure and phase
purity of crystalline materials. Reflected, monochromatic X-rays only constructively in-

terfere with each other at angles ® defined in Figure 4.2, where the Bragg equation

nA =2dsin(0), 4.7)

with n being an integer, A the X-ray wavelength and d the lattice spacing, is fulfilled.
The full width of half maximum (FWHM) of observed Bragg peaks are influenced by
instrumental factors, internal stresses and small crystallite sizes. Whereas small crystallite
sizes result in a peak broadening Ty, which can be described with the Scherrer formula
(equation where f; is the FWHM of this diffraction peak , the peak broadening
caused by internal stresses 7;,; has an angle dependence according to equation |4.9| with &

being a parameter for the internal stresses [338],[339].

A
Tsize = m (4.8)
Tint = €tan(O) 4.9)

Therefore, an average volume weighted crystallite size, which for single crystalline
NPs corresponds to the NP size, can be determined based on XRD measurements.
However, the average diameter of single domain NPs determined with XRD is volume
weighted. It thus cannot be directly compared to the number weighted core diameters e.g.

obtained by analyzing TEM micrographs.



74 4. METHODS

specimen

objective lense

objectiveaperture

1. intermediate image

intermediatelense

diffraction pattern image

Figure 4.3: Schematic of electron path in TEM. Schematics of the electron path in the (a) diffraction and
(b) direct imaging mode. If imaged in the direct mode, either (b) all the electrons are transmitted, or a lens
is added to the electron beam that only lets pass the (c) undiffracted electrons resulting in bright field (BF)
images or (d) the diffracted electrons resulting in dark field (DF) images.

According to equation [4.7] the location of the diffraction peaks depends on the lattice dis-
tance d and the crystal structure. Materials like FezO4 and y-Fe;03, where y-Fey 03 is a
defect structure of Fe304 which has additional oxygen vacancies, have very similar lattice
distances and identical crystal structures [340-342]. Therefore, it is very difficult to tell
these structures apart based on XRD measurements. If small NPs are analyzed which,
according to equation [4.8] lead to a significant line broadening, such structures cannot

unequivocally be distinguished with XRD.

Experimental

To analyze the crystal structure and phase purity of oxide NPs investigated in this work,
XRD was measured on as-synthesized and PEG(5)-nitroDOPA stabilized NPs. As-
synthesized NPs, dispersed in ethanol or PEG(5)-nitroDOPA stabilized NPs dispersed
in Millipore water were dried onto plane sapphire substrates. XRD was measured be-
tween 20 and 90 ° on a Philips PW 1800 instrument in the reflection mode using a Cu Ko

radiation. The diffractometer was equipped with a postsample monochromator.

4.2.2 Transmission Electron Microscopy (TEM)

Two main imaging modes have to be distinguished: conventional TEM and scanning TEM
(STEM). For TEM the electrons enter the specimen in the form of a plane wave, while in

STEM a focused beam is scanned over the sample.
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Imaging Contrast

In TEM electrons that are transmitted through the sample are detected. Electrons enter
the specimen as a plane electron and are scattered or absorbed by the sample. If an image
is formed with these electrons, different mechanisms have to be considered to explain the
observed image contrast. The most simple contrast is mass-thickness contrast. The dark-
ness of the image (reflecting the amount of absorbed electrons) directly scales with the
sample thickness and atomic number of the elements. However, because TEM samples
are thin, contrast most often arises from phase shifts. Due to lense abberrations, different
phase shifts, which mainly depend on the angle the electron had been scattered at, add
up (contrast transfer function). This leads to an interference pattern of scattered and un-
scattered electron waves that depend on the focussing conditions. Crystalline materials
lead to additional and specific contrast formation (for details see [343]). Contrast can be
enhanced with an aperture inserted into the diffraction plane (Figure [4.3). The aperture
selectively absorbs electrons scattered at angles other than a specific angle. This increases
the signal : noise ratio of images.

If a so-called objective aperture is inserted into the back focal plane of the objective lens
directly below the sample, forward scattered or diffracted electron waves can be selec-
tively chosen (Figure[4.3)). In the bright field (BF) imaging mode, the aperture is centered
around the primary, undeflected beam. Therefore, objects which weakly scatter are pref-
erentially imaged in the BF mode. In contrast, only diffracted electrons are used for image
formation in the dark field (DF). Electron dense objects thus yield high contrast and are
easily visualized in the DF mode. If the Bragg conditions are fulfilled, the BF and DF
modes are basically complementary.

Independent of the relevant contrast mechanism, the resulting TEM micrograph is a mod-

ified 2D projection of the crystal potential of the specimen [343-345]].

Experimental

In this work, the NP core size, morphology and crystallinity was investigated with conven-
tional TEM whereas liposomes containing iron oxide NPs in their membrane were also
studied with cryo-TEM. PEG-anchor stabilized iron oxide NPs were dispersed in Milli-
pore water at 1 mg/ml. To form free spanning membranes, 3.5 ul of the NP dispersion
was dried on a carbon coated Cu-grid (300 mesh) where the carbon support had holes with

a diameter of 3.5 um (Quantifoil Micro Tools GmbH, Germany). For size evaluations,
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300 mesh Cu-grids (Ted Pella Inc, Pelco International) were coated with 10 nm carbon.
3.5 pl of 1 mg/ml NP solution was dried on this grid. Alternatively, 3.5 ul drops were
deposited on a paraffin film. Hydrophobic carbon coated Cu-grids were glow discharged
for 30 s (Emitech K 100X) to render them hydrophilic. These grids were placed onto the
NP dispersion drop and particles were adsorbed for 1 min. The latter method resulted in
a lower NP loading where NPs were arranged randomly, in stark contrast to grids, where
the NPs dispersion was completely dried on the grid.

Transmission electron micrographs were taken on a Philips CM12 microscope operated
at 100 kV while HRTEM was performed on a Philips CM30 and a Tecnai F30 (FEI), both
operated at 300 kV. While the Philipps CM30 had a LaBg filament as an electron source,
the Tecnai was equipped with a Schottky field emission gun (FEG) which results in a
more coherent electron beam. Diffraction patterns were analyzed using jems (ems java
version 3.2927U2008 software, P. Stadelmann, EPFL, Switzerland).

Scanning Transmission Electron Microscopy (STEM)

In contrast to conventional TEM, where full images are acquired simultaneously e.g. in a
parallel data acquisition mode, a convergent electron beam is scanned over a certain area
in the STEM mode. STEM can be acquired in the BF, DF or high angle angular dark
field (HAADF) mode. The HAADF mode detects electrons that are mainly incoherently
forward scattered under a high angle. The intensity of incoherently scattered electrons
almost linearly scales with sample thickness and is o< to z> where z is the atomic number.
The HAADF mode is thus highly sensitive to z of the atoms and therefore yields chemical
contrast [343-345]].

Diffraction

Crystallographic information of the sample can be gathered if the back focal plane of the
objective lens instead of the intermediate imaging plane is projected (Figure {.3p). The
resulting diffraction pattern reveal information on the crystallinity and crystal periodicity
including lattice plane distances of the imaged sample. Diffraction is a collective interfer-
ence phenomenon of electrons scattered at the periodic potential of a crystal.

The spacial resolution is mainly defined by the diameter of the plane incident electron
beam. In TEM, this diameter can be made small enough to extract local crystallographic

information of individual NPs, given the NP has enough crystal planes for effective
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diffraction. Thus, depending on the diameter of the electron plane wave, local or av-
eraged crystallographic information can be retrieved. This is in stark contrast to e.g. XRD
where an averaged diffraction pattern over a large number of NPs is measured. The main
advantage of diffraction patterns acquired in the TEM over e.g. XRD is that the local
crystallographic information can be directly correlated to a real space image [343-3435].
However, if highly accurate, quantitative information of bulk materials is seeked, XRD is

a more appropriate technique to analyze the overall crystalline structure of a material.

Chemical Analysis by TEM

In electron energy loss spectroscopy (EELS) inelastically scattered electrons are analyzed.
Some of the transmitted electrons are inelastically scattered e.g. because they lift elec-
trons of the sample from the ground state into higher energy orbitals. During these elastic
electron interactions, the beam electrons loose kinetic energy. These energy losses of
transmitted electrons are specific for atomic species with which the beam has inelasti-
cally interacted. With sufficient energy resolution, EELS can provide local information
on the atomic species and its bonding state (e.g. the oxidation state of elements).

The spacial resolution is limited by the electron beam diameter and the localization of the
respective crystal electron. However, spacial resolution needs to be traded off with the
signal to noise (S/N) ratio of the acquired signal that scales with the amount of material
contributing to the EELS signal [346].

An alternative to EELS is energy dispersive X-ray (EDX) spectroscopy. EDX is based on
X-rays which are emitted by excited electrons that relax into their ground state. Thus the
wavelength of X-rays, which are emitted by relaxing electrons, is element specific. How-
ever, while elements can be identified, the energy resolution is too poor to distinguish
different oxidation states with EDX. Furthermore, EDX is a semi-quantitative technique
at best. Re-absorption of X-rays in the sample or the microscope column and subsequent
re-emission also contribute to the detected EDX signals and prohibit an accurate quan-
tification of the sample composition. Nevertheless, by combining the different imaging
modes, TEM cannot only provide information about size, shape and crystal structures of

materials but also yields chemical information [343-345]].
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TEM on Biological Samples

Biological samples almost exclusively consist of light elements such as C, N, O and S.
Therefore, they cause only small amplitude and phase shifts of the transmitted electron
waves resulting in poor contrast even in the BF mode. To enhance contrast, these samples
often are stained with a heavy metal such as uranyl acetate.

Furthermore, to minimize sample preparation artifacts of biological samples like vesicles
induced e.g. through air-drying, these samples can be fixed with trehalose or frozen e.g.
in liquid ethane to preserve their native shape. If frozen in liquid ethane, the cooling rate
of water is too fast to allow for crystallization. Therefore, water vitrifies and these sam-
ples can be imaged at liquid N, temperatures (~ -162 °C). However, the poor absorption
contrast of organic samples such as vesicles necessitates that such vesicles are imaged in

underfocus. This enhances their contrast according to [1347]]

AL
I(x)=1+—&" 4.10
(x)=1+ T (x) (4.10)
where A is the distance of the image plane, A the wavelength of electrons and @'’ (x)
the second derivative of the phase shift function. Because these images are acquired in
underfocus, an accurate quantification of distances is only possible if appropriate calibra-

tions are done under identical focussing conditions.

Experimental

Cryo-TEM was performed on Millipore based 5 mg/ml liposome dispersion. 2 ttl drops of
these solutions were adsorbed Quantifoil holey carbon films R3.5/1 (Electron Microscopy
Sciences, PA, USA), dried for 10 s and plunged in liquid ethane using a Vitrorobot (FEI).
Samples were blotted for 6 s at an offset of -2. These samples were analyzed on a Philips
CM 12 microscope operated at 100 kV at liquid N, temperatures (~ -162 °C).
Conventional was done on liposomes that were fixed with 1 wt% trehalose and air dried on
a Quantifoil holey carbon films R3.5/1 (Electron Microscopy Sciences, PA, USA) using
a Philips CM 12 microscope operated at 100 kV.

Millipore water based liposome dispersions were freeze dried on a TEM grid which was
supported by a 8 nm thick, glow discharged carbon film. These samples were chemically
analyzed in a STEM (Hitachi).
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Figure 4.4: XPS. (a) Photoelectrons are generated through absorption of X-rays (b) Auger electrons are
generated through (1) the absorption of X-rays which (2) excite an electron. (3) The electron hole in the

inner electron shell is filled by a relaxing outer shell electron. The free energy resulting from electron
relaxation is converted into X-rays. (4) These X-rays generate an Auger electron that can be detected.

4.2.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a quantitative surface sensitive technique to
determine the elemental composition and oxidation states of the top ~ 10 nm of substrates.
Samples are irradiated with X-rays. X-ray interaction with the sample yields photo- and
Auger electrons. While photoelectrons are electrons which were set free by absorbing
energy from X-rays (Figure 4.4p), Auger electrons are generated in a three step process.
X-rays first excite electrons from an inner electron shell. The resulting hole is filled by
electrons of an outer electron shell which relaxes into the hole. The released energy is
converted into X-rays which subsequently are absorbed by electrons from outer electron
shells. These electrons are emitted from the sample can be analyzed (Figure [4.4b) [348].
The kinetic energy (Ey;,) of photo- and Auger electrons is element specific and depends
on the oxidation state of atoms. While E};, of photoelectrons depends on the energy of
the incoming X-ray, E;, of Auger electrons is independent on the X-ray energy. Thus,
these two electron types can be distinguished by analyzing their kinetic energy with two
different X-ray sources which yield different X-ray energies.

The kinetic energy of photoelectrons is analyzed e.g. with a hemispherical analyzer. The

binding energy (Ejp;,) can be calculated according to equation .11}

Epin =hv —Eyjp, — P, (4.11)



80 4. METHODS

where v the wavelength of the incident X-ray and & the work function which is instru-
ment specific. The latter can be determined by measuring calibration standards.

The peak area of a graph where the number of electrons detected per time is plotted as
a function of the binding energy, can be used to quantify the relative amounts of differ-
ent elements. This quantification is achieved by correcting the area I4 for the ionization
photoelectron cross section oy, the inelastic mean free path of electrons Ay, the instru-
ment specific transmission function 7y and the take-off angle of analyzed electrons ®4

according to [348]]

B GATA).ASI'I’I(GA) )

Ny (4.12)

Equation holds for flat, homogeneous layers. However, quantification of flat
NP films is more daunting. The spherical shape of NPs and their core-shell structure
significantly influence ®,. Furthermore, pressing NPs into pellets for analysis result in
non-homogeneous samples. Therefore, especially if the amount of carbon residues on the
NP surface is to be quantified, equation needs to be applied.

(Z+1)eT —1
2

~ Kd+A d

3¢ \2
I T ermA ((;L) +

), (4.13)

where

Pi(7)*+ B2z +1

I S

r 1s the core radius, d the dispersant layer thickness assuming it is homogeneous on NP

surfaces, A the electron inelastic mean free path. §; = 0.00289, 3, = 0.05135 and S35 =
0.45982 are fitting constants which were empirically obtained [349].

(4.14)

Experimental

XPS measurements presented in this thesis were performed on a Sigma Probe (Thermo
Scientific, MA, USA), using an Al Ko source operated at 200 W. Photoelectrons were de-
tected with a hemispherical analyzer at a pass energy of 25 eV at 90° take-off angle. Data
were analyzed using the CasaXPS software (CasaXPS software Version 2.3.15dev52,
Software Ldt, UK). A Shirley background was subtracted before the peak areas were
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integrated and corrected for the ionization photoelectron cross section using the Scoffield
factors [350], inelastic mean free path, attenuation length [351]] and the energy dependent
transmission function which is instrument specific according to equation

The dispersant packing density on flat surfaces was calculated based on the atomic C: Fe
ratio measured on flat Fe304 coated with dispersants. For this purpose, the two layer
model was taken into account. Because iron oxide substrates absorb light, the dispersant
thickness could not be quantified with ellipsometry. Therefore, the dispersant layer thick-
ness was calculated by relating the intensities of the Fe2p and Fe3p peaks [352] assuming
a PEG density of 1.1 g/cm3 [333]. Furthermore, to check the ability of dispersants to
replace aliphatic contaminations the C 1s was deconvoluted into three peaks. These C 1s
peaks were fitted with peaks which had a 30 % gaussian and 70 % lorenzan shape. The
resulting peaks with a binding energy (BE) of 268.6 + 0.1 eV, 288.6 + 0.1 and 284.9 +
0.1 eV were assigned to Cpgg, Caliphatic and CcooH or OH respectively.

To investigate the oxidation state of iron oxide NPs, XPS was performed on freeze dried,
PEG(5)-nitroDOPA stabilized NPs. For the quantification of the amount of dispersants
adsorbed on NPs, 5 mg stabilized, freeze-dried NPs were re-dispersed in 0.5 ml Millipore
water for 24 h before they were centrifuge filtered with Microcon filters with a cut-off of
30 kDa (Millipore). Filter cakes were re-dispersed in Millipore water and freeze-dried a
second time. NPs were pressed into cavities of an Al sample holder where the cavities had
a diameter of 10 mm or alternatively pressed onto vacuum compatible sticky tape where it
was made sure that the compressed NP layer was thicker than the XPS penetration depth
of ~ 10 nm. Spectra were acquired with the same instrumental parameters as described
above. Data were analyzed similarly to what has been described for the XPS data analysis
on flat surfaces. Additionally the 3D shape of NPs was taken into account for quantifying
the atomic C : Fe ratio (equation {.13)) [349].

4.2.4 Near Edge X-ray Absorption Fine Structure Spectroscopy
(NEXAFS)

NEXAFS is a complementary analytical technique to XPS. It measures unoccupied elec-
tron orbitals and is thus very sensitive to the number of valence electrons and their spin
configuration. Furthermore, it gives insights into the symmetry and coordination number
of a unit cell of transition metal compounds [354]. This information is obtained by mea-
suring the energy region from the absorption edge to about 50 eV above the absorption

edge (348l 355]. Upon excitation of electrons with monochromatic X-rays at an energy
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slightly lower than the energy needed to create photoelectrons, electrons are lifted into
higher unoccupied orbitals. Electrons which are in energetically higher orbitals relax into
the resulting hole under emission of X-ray fluorescence. The latter can subsequently cre-
ate Auger electrons [355]. In NEXAFS, one can either detect the fluorescence that is
emitted through the relaxation of electrons or Auger electrons. Depending on the detec-
tion mode, NEXAFS is more bulk or surface sensitive [355,356]].

If fluorescence is measured, NEXAFS can probe structures as thick as 200 nm. In con-
trast, the limited penetration depth of Auger electrons (2-10 nm) is responsible for the
high surface sensitivity of NEXAFAS if the latter detection method is applied [354 3535].
Emitted Auger electrons positively charge the analyzed surface where the surface charge
linearly scales with the number of emitted electrons. The electron emission can be quan-
tified by measuring the surface potential in the total electron yield (TEY), partial electron
yield (PEY) or Auger electron yield (AEY) mode. These different modes require increas-
ingly more elaborate experimental setups [355].

In the TEY mode, photoelectrons and Auger electrons are detected simultaneously.
Therefore, it is the experimentally easiest quantification mode. Photoelectrons have a
higher kinetic energy than Auger electrons. Because the electron inelastic mean free path
is dependent on the kinetic energy of electrons, the TEY is thus less surface sensitive
compared to the PEY or AEY mode [355] 356].

In the PEY, the number of emitted electrons is limited by applying a retardation voltage.
However, because Auger and photoelectrons (even if they are inelastically scattered) are
detected as long as their kinetic energy is higher than the retardation voltage potential, the
two electron types cannot be discriminated [355] 356]].

The AEY is experimentally most difficult and most surface sensitive detection mode.
Auger electrons are detected exclusively by setting the energy analyzer at a specific
Auger transition energy. This excludes that photoelectrons are simultaneously detected
(355, 1356].

Because electrons can be most effectively excited if the X-ray incidence is parallel to the
electron orbital whereas no electrons are excited if the X-rays are oriented perpendicular
to the electron orbital, the orientation of e.g. aromatic compounds adsorbed on molecu-
larly flat surfaces can be quantified with NEXAFS [355H357].
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Experimental

NEXAFS spectra of the O K-edge and the Fe L-edge presented here were acquired under
normal X-ray incidence at the PolLux beamline at PSI Villigen (Switzerland) in total
electron yield (TEY) mode. The resolution was ~ 0.1 eV. The pressure was kept below 2
x 10~* mbar. Spectra were recorded on at least two independent samples for each anchor.
The O K pre-edge was normalized to 530 eV while the Fe K-pre-edge was normalized to
710 eV [354].

4.3 Magnetic Analysis

4.3.1 Vibrating Sample Magnetometry (VSM)

Paramagnetic, superparamagnetic and ferromagnetic materials align their spins along the
axis of an external magnetic field. The resulting magnetic dipole moment of the sample
creates an additional magnetic field B around the sample, a so-called stray field. Accord-
ing to Faraday’s laws, the magnetic stray field changes, if the sample is moved inside an
external static magnetic field. The changing magnetic field induces electric fields which
can be detected by pick-up coils. These electric fields can be related to the magnetic

moment of the sample using Faraday’s law of induction (equation 4.15))

Dy =X (1) fé(f,t)dzi 4.15)

where ®p is the magnetic flux, T the surface the magnetic flux B penetrates and dA
the area element of the moving surface X. Thus, the magnetization of such samples can
be measured as a function of the strength of the external, static magnetic fields [358, 359].

The resulting magnetization curve can be fitted with a langevin function according to

L(&) :coth(é)—é, (4.16)
with

oM HV),
e 4.17
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where g =4 7 x 10-7 TmA~!, Mj is the saturation magnetization, H the magnetic field,
Vs the NP core volume and & the volume fraction of NP. Magnetization curves thus
provide information about the saturation magnetization and susceptibility. Additionally,

they also contain information on an averaged volume weighted core radius if fitted with
equation {4.16][15, 32].

Experimental

The magnetization of Fe3O4 NPs was measured on 1-3 mg freeze dried PEG(S)-
nitroDOPA stabilized and unstabilized NPs. These NPs were weighted into plastic cap-
sules. To minimize NP motion during the measurements, NPs were confined by filling
the empty space of the capsule with 20-30 mg cotton. An average of 3 hysteresis scans
with a resolution of 100 Oe was measured on a MicroMag™ VSM (Princton Measure-
ment Cooperation, NJ). The measured magnetization was normalized to the amount of
Fe304 quantified with TGA. However, because of the limited precision of the balance
(Mettler Toledo, Switzerland) which added uncertainty to TGA and VSM measurements,

the accuracy and reproducibility of VSM measurements as performed here was limited.

4.3.2 Magnetic Resonance Imaging (MRI)

Because MRI was derived from NMR spectroscopy (section #.1.2), those two techniques
are based on the same principles. The former, however, is mainly used for diagnostic
purposes in medicine whereas NMR is mainly used to characterize organic compounds
and to analyze structures of large molecules such as proteins.

MR contrast comes from differences in relaxation times typically of protons which pre-
cess with the larmor frequency ® defined in equation

If a RF pulse is superimposed to the static magnetic field at an angle ® # O to the axis
of the static magnetic field, spins are flipped into the direction of the RF pulse. After
removing the RF pulse, spins gradually relax. There are two types of relaxation times:
the longitudinal 7; and the transverse 75 relaxation time (Figure {.5). T describes how
fast spins re-align in the direction of the external magnetic field (Figure[d.19). Because &
depends on the magnitude of the local magnetic field, protons precess with slightly dif-
ferent frequencies depending on their surrounding. 7, describes, how fast spins dephase

in the plane perpendicular to the static magnetic field after the RF pulse is terminated

(Figure 4.19) [96].
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Figure 4.5: MRI principles. (a) Proton spins precess around the static magnetic field. (b) Upon application
of an RF pulse, spins are flipped. After the RF pulse is terminated, the spins relax (c) longitudinally, with a
relaxation time 77 and (d) transverse with a relaxation time 75 [73]].
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Figure 4.6: Inverson recovery sequence. Ty is typically measured using an inversion recovery sequence
that consists of a 180° pulse, followed by a 90° pulse. The time T between these two pulses is the inversion
recovery time while RD is the recovery delay and Ty the repetition time of the whole sequence. 7 is
measured by varying 7 and fitting the obtained data using equation[d.18]
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Figure 4.7: Carr-Purcell-Meiboom-Gill (CPMG) MRI sequence. A MRI sequence often used to determine
T> is the CPMG sequence. It consists of a 90° pulse where spins originally aligned in the +z direction are
flipped into the xy plane. This 90° pulse is followed by 180° pulses where the phase of spins is changed.
After the echo time Tg = 27, spins are refocused and a spin echo is measured. The decay of this echo
determines 7> which can be fitted according to equation[d.19] 7 is the repetition time.
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Mz(t):Mz,equ(l_eﬁ) (4.18)

M,y = Myy(0)e ™ (4.19)

MR contrast agents are classified depending on their influence on 77 and 75 respec-
tively. Tj-contrast agents are typically paramagnetic ions such as Gd3* and markedly
decrease 77 which enhances signals on MR images. Thus, they are defined as positive
contrast agents. Contrast agents with a comparably high net-magnetic moment such as
iron oxide NPs, decrease 7>. They lead to signal losses on 7;-weighted MR images and
are defined as negative contrast agents [[15} 73].

T, is proportional to the number of H,O molecules in immediate proximity to param-
agnetic ions during a given time. Thus ions and very small NPs are more effective 7}
contrast agents compared to larger NPs. Furthermore, because magnetic interactions be-
tween electrons from the 7j-contrast agents and protons are proportional to D®, where
D is the distance between the electron from the 77 contrast agent and the proton, only
protons which are in close proximity (e.g. the innermost water shell surrounding the 7}
contrast agent) yield contrast. Thus the shorter the residence time of H>O molecules in
close proximity to the NP, the stronger is the MR contrast evoked by the 7| contrast agent
[15].

Because 75 is directly related to differences in @ of proton spins and @ o< B (equation
and therefore very sensitive to magnetic field inhomogeneities, superparamagnetic objects
like iron oxide NPs significantly decrease 7. Magnetic field inhomogeneities, however,
can have many different reasons. They can result from external sources and tissue in-
herent factors. External sources are mainly inhomogeneities of the static magnetic field
which cannot properly be shimmed and magnetic objects, such as iron oxide NPs. How-
ever, local magnetic field gradients caused by differences in the magnetic susceptibility
of adjacent tissues also decrease 7. Therefore, typically the total relaxation time T, is
defined as

1 = 1 + YABy (4.20)
Ty T 2

where ABj is the variations of the magnetic field [15}137]].
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Experimental

The relaxivities r; and rJ, and thus the performance of Fe304 NPs as MR contrast agents,
were tested in vitro with MRI. PEG-nitroDOPA stabilized, oil bath synthesized Fe3Oy4
NPs, dispersed in Millipore water were embedded in a hydrogel to mimic their binding
to tissue in vivo. Therefore, NPs were dispersed in Millipore water at a final Fe304 con-
centration of 20-100 pug/ml. A hydrogel was formed by radical initiated polymerization
of methacrylates [360]. From a Millipore water based 100 mg/ml N, N!-methylene-bis-
acrylamide (MBA) and ammonium persulfate (APS) stock solutions, 10 mg MBA and 5
mg APS were added to eppendorf containing Millipore water based Fe304 NP solutions.
The total volume of Millipore water was 0.5 ml. The radical reaction was initiated by
adding 7 ul N,N,N! N!-tetramethylethylenediamine (TMEDA). Eppendorfs containing
NP loaded hydrogels were inserted into a 50 ml Falkon tube which was filled with Milli-
pore water to avoid discontinuities of the permeability of the hydrogels at the interface of
the eppendorf tubes which could cause artifacts in MRI and thus influence the measured
relaxivities. As a comparison, PEG-nitroDOPA stabilized in the oil bath synthesized NPs
dispersed in PBS were analyzed.

MRI on in hydrogels embedded NPs was measured on a 4.7 T Bruker instrument using
a volume resonator coil with a diameter of 31 mm. A field of view of 3.5 cm x 4.0 cm
was imaged. The repetition time was 5000 ms where spins were flipped 90 ° with an echo
spacing of 6 ms. 16 echos were measured per repetition. r; measurements as a function
of the PEG molecular weight were performed on 3 independent identical samples at room
temperature.

The MRI experiments performed on PBS based PEG-nitroDOPA stabilized in the oil bath
synthesized NPs dispersions were conducted on a Bruker Minispec mq60 (1.41 T) NMR
analyzer at 20 °C. Longitudinal relaxation rates r; were obtained using an inversion re-
covery sequence with four averages. The inversion recovery sequence consists of a 180°
pulses where spins aligned in the +z direction are flipped into the -z direction. After the
inversion time 7, a 90° pulse is applied which rotates spins in the xy-plane. After the re-
covery delay (RD), the pulse sequence is repeated (Figure4.6). 7} is measured by varying
T [361]]. Here, ten different inversion times ranging from 5 ms to at least 5 x 77, where
more than 98.5% of all the spins of the solution are re-aligned along the +z axis, were
used. The 180° pulse was 4.4 ms whereas the 90° pulse was 2.2 ms. The relaxation delay

was at least 5 x 77 of the solution. 77 was determined by fitting the data points to equa-

tion 4.18l
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Transversal relaxation rates r, were obtained using a Carr-Purcell-Meiboom-Gill (CPMG)
sequence with 16 averages. The CPMG sequence consists of a 90° pulse which flips spins
originally aligned in the +z direction into the xy plane. The 90° pulse is followed by mul-
tiple 180°C pulses (Figure [4.7). Spins aligned in the xy plane precess with a frequency
determined by the local magnetic field. This gives rise to a free induction decay T,". After
a delay 7, spins are flipped 180° in the xy plane which changes the phase of the spins.
They thus start to refocus which yields in an echo at the echo time 7 = 27. Thus, this
sequence is called a spin echo sequence. If multiple 180° pulses are applied, the ampli-
tude of the echoes decays. This decay is solely determined by 7, because static magnetic
field inhomogeneities cancel if this pulse sequence is measured [361]]. In measurements
presented here, the 90 ° pulse was 2.2 ms, the 180 ° pulses were 4.4 ms. The relaxation
delay was at least 5 x 77 of the solution, the time interval T between the 90° and 180° was
1 ms. Depending on 7> of the iron oxide NP dispersions, between 512 and 2048 points
were acquired. 7> was determined by fitting the data points to equation d.19

4.3.3 Specific Absorption Rate (SAR) Determination

If NPs are subjected to an AMF, their spins follow the magnetic field by flipping 180 °C
if the frequency of the magnetic field is below or in the range of the relaxation time of
spins. As described in the background, spins can follow the AMF by Brownian or Néels
relaxation [15]]. The power P which is dissipated from these relaxations can be described

as

P=fAU = pomy" fHZ, (4.21)

where f is the frequency, AU the difference in the internal energy, ¥ the imaginary

part of the magnetic susceptibility and Hy the magnetic field.

x is defined as

aT

T2 (an_)zxo (4.22)

X

where w= 27 f and 7 is the relaxation time.
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The ratio of power dissipated by Brownian and Néels relaxation respectively depends
on the relaxation times 7 and Ty defined in equations|I.2)and [1.3|[15] 38} [133]. The total
relaxation time 7 of a NP is defined as [[100), [133]]

1 1 1
———, (4.23)
T T TN

The effectiveness of NPs to dissipate power and thus generate heat if subjected to an
AMEF can be described with the specific absorption rate (SAR). It is defined as [100]]

2 OMFV
01000ksT
where C, is the specific heat capacity, AT the temperature difference caused by the absorp-

AT
SAR=C.~-= 418687y, Hofy (4.24)

tion of electromagnetic radiation followed by its dissipation as heat within the measure-
ment time . The SAR is typically measured in calories per kg which adds the numerical
factor in the second expression in equation [4.24]to convert it into SI units [100].

If the heat capacity C, is known, the SAR can be measured by monitoring the temperature
increase (AT) as a function of the time Ar exposed to the AMF Ar using the first expression
in equation .24} The SAR value can then be used to calculate the total relaxation time 7
of the NPs. To distinguish Néels relaxation contributions from those contributions caused
by Brownian relaxation, NPs can be embedded in a matrix such as agarose which prevents
NP motion. The SAR of in this matrix embedded NPs therefore exclusively results from
Néels relaxation and thus can be compared with the SAR determined from NPs dispersed
in solution where they can freely rotate. In the latter case, Néels and Brownian relaxation
contribute to the total relaxation time [362H364].

Experimental

SAR values presented in this work were measured on iron oxide NPs synthesized in the
oil bath for 24 h at 150 °C, 165 °C and 180 °C respectively. They were stabilized with
PEG(5)-nitroDOPA. SAR values were measured for magnetic fields H 16.56 kA/m < H
< 51.56 kA/m and at frequencies 2.32 x 10° Hz < f < 2.39 x 10° Hz. The SAR was
calculated according to equation [4.24]
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Figure 4.8: Principle of scattering techniques. An incident beam is scattered by a sample. The scattered
beam is detected at an angle © relative to the transmitted beam.

4.4 Analysis of Core-Shell Nanoparticles

4.4.1 Scattering Techniques

The basic principle of all scattering techniques is a monochromatic beam which is scat-
tered by the sample. The intensity of the scattered radiation is measured as a function of
the angle ® as defined in Figure The most important variable for scattering experi-

ments is the wave vector ¢ defined as

4rsin(2)

G=— (4.25)

where A is the wavelength of the radiation source [363].

Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) is also known as photon correlation spectroscopy (PCS).
It is an experimentally easy technique that does not require large facilities such as neutron
or X-ray sources and is readily available in many labs. It is most suited to probe struc-
tures > 10 nm. A laser illuminates a defined sample volume. Laser light is scattered by
objects such as NPs because of differences in the refractive index between objects under
investigation and the solvent.

In DLS, the scattering interference pattern / (z) measured at time  is correlated with that

taken at # + 7. The correlation coefficient G (7) defined by

G(t) = /OOOI(I)I(IJr 7)di (4.26)
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equals 1 if the scattering pattern are identical and O if there is no correlation between
the two scattering patterns [366]. Because the scattering pattern changes when NPs move,
G (7) decays faster the faster NPs move. Thus, the diffusion coefficient Dg;gr of NPs can
be obtained by fitting G (7). One often used method to fit G (7) is the cumulant analysis
(equation 4.27)), which assumes that scattering objects are optically isotropic and small
compared to the wavelength of the incoming light [367]

G(t) = A(1 + Be(T2THT)) 4.27)

where

I = Dyitrq” (4.28)

g is defined in equation 4.25] and D is the diffusion coefficient. A, B, I" and y, are
fitting parameters. According to the Stokes Einstein equation 4.29] the diffusion coeffi-
cient can be translated into a hydrodynamic radius Ry , assuming NPs are spherical, have

a uniform density and a smooth surface [366].

kgT

- B (4.29)
671 Dyisr

Ry
where 1 is the viscosity of liquid. The polydispersity index (PDI) can be calculated

according to

PDI = % (4.30)

The resulting hydrodynamic radius is intensity weighted. Because intensity weighted
averages scale with 7%, DLS is very sensitive to large objects. If the refractive index
is known, intensity weighted averages can be converted into volume weighted averages
(which scale with 73) using the Mie theory [368,[369]. However, this conversion is strictly
only applicable for spherical particles which have a homogeneous density. This is not the
case for core-shell NPs 370, 371]].

Large objects mainly scatter in forward direction. Thus, if backward scattering is corre-
lated, DLS measurements are less sensitive to dust. However, forward scattering is more

sensitive to the onset of NP agglomeration. Thus, if forward and backward scattering is
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measured with DLS, NP size and the onset of agglomeration can be quantified more reli-
ably than if only one scattering direction is evaluated.

As can be seen from equations and DLS measures the diffusion coefficient and
not the particle radius. Thus, if DLS is measured on concentrated samples, where NPs
interact with each other, their size determination becomes inaccurate. If particles attract
each other, the measured diffusion coefficient decreases with increasing NP concentra-
tion. Thus, the particle radius is overestimated. If, however, particles are repulsive, they
diffuse faster than NPs which do not interact with each other. Consequently, their size is
overestimated [366), [371]].

Furthermore, if DLS is measured on concentrated samples, multiple scattering influences
the interference pattern. This affects the correlation function and leads to an underestima-
tion of the NP size [366]. Therefore, DLS should be measured on diluted samples where

electrostatic particle interactions are screened with salts.

Experimental

DLS measurements of NPs shown here were performed on Tris and HEPES based NP
dispersions. Both solutions were buffered to pH = 7.4 and contained 160 mM NaCl. NP
dispersions were filtered with 200 nm cut-off Minisart syringe filters (Sartorius, Germany)
prior to the measurements. The NP concentration was varied between 50 and 100 pg/ml.
In this concentration range, DLS results were independent of the NP concentration. Too
low NP concentrations lead to poor correlation functions whereas too high NP concentra-
tions lead to multiple scattering. Unless stated otherwise, measurements were performed
in the backscattering mode (scattering angle = 173 °) using a Zetasizer NS (Malvern,
UK). To check reproducibility, each measurement was repeated three times on the same
sample. 5-10 independent identical samples were analyzed with this method.

For temperature dependent measurements, samples were equilibrated for 10 min at the
desired temperature prior to the measurement. Temperature was increased from 25 °C to
90 °Cin 5 °C steps.

To investigate long-term stability, NP dispersions were kept in covered plastic cuvettes
and their size was measured weekly with DLS. However, despite that plastic cuvetts were
covered, water evaporation over a period of 1-2 months could not be completely avoided.
Therefore, Millipore water was regularly added to the samples to keep the total sample
volume constant at 1 ml.

To check dispersant adsorption reversibility, NPs were either dialyzed against Millipore
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water or subjected to multiple centrifugation filtration steps. If the dispersant binding re-
versibility was checked with dialysis, the hydrodynamic radius of stabilized iron oxide
NPs was checked daily during the first week of dialysis and subsequently weekly with
DLS. However, it was found that dialysis does not efficiently remove excessive disper-
sants. NPs were stable for more than one month even if the anchor bound reversibly to
iron oxide NP surfaces. Therefore, dispersant binding reversibility was additionally tested
with more stringent centrifugation filtration experiments. HEPES based 100 pg/ml NP
dispersions were centrifuge filtered using 100 kDa cut-off filters (Millipore Microcon fil-
ters, Millipore, MA). NPs were re-dispersed in 1 ml HEPES, equilibrated for 24 h before
their hydrodynamic radius was measured with DLS. This was repeated on 10 subsequent
days. Fe304 NPs stabilized with reversibly adsorbing dispersants were investigated until
the count rate was below 10 % of the initial count rate.

Because intensity weighted diameters scale with 7© and thus large particles predominate
the scattering pattern, volume weighted size distributions which scale with 73 [368]] are
shown even though the conversion of intensity to volume weighted averages assumes a
homogeneous object, a requirement which is not fulfilled for core-shell NPs. However, the
average hydrodynamic radius was calculated using the cumulant analysis (equation
which results in intensity weighted hydrodynamic radii. The difference between intensity
and volume weighted average radii is indicative of the polydispersity of the NPs.
Liposomes dispersed in PBS or Millipore water respectively were analyzed at a concentra-
tion of 50 u/ml without that they were filtered prior to DLS analysis. Data were analyzed

using the multiple narrow modes evaluation incorporated into the Malvern software.

Small Angle X-ray Scattering (SAXS)

In contrast to DLS, where scattering is caused by differences in the refractive index, X-
rays are scattered by electrons and thus sensitive to changes in the electron density. The
upper limit of A of X-rays useful for SAXS studies is about 0.2 nm because X-rays with
larger A are strongly absorbed by the sample. Therefore, the optimum size range, where
features can be probed with SAXS is between 1 nm and 1 ym. Thus, SAXS is an excellent
technique to investigate e.g. NP cores consisting of high atomic number elements [3635]].

The scattering intensity I(g) is defined as

1(4) = (Pp~Pm) NpV,F ()S(3) 431)
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where p,, and p,, are the scattering densities of the particle and matrix (solvent) respec-
tively, N, is the number of particles, V), the particle volume, F () the particle form factor
and S(g) the structure factor. F (g) depends on the NP size, size distribution and shape.
If NPs interact with each other S(g) # 1. S(g), which is an oscillatory function, therefore
can provide information on the particle arrangement of concentrated dispersions. S(g) =
1 for diluted dispersions where NPs do not interact with each other. Thus, to determine
the form factor F (g), NPs should be evaluated under dilute conditions where scattering
contributions from the structure factor can be neglected [363].

SAXS requires a monodisperse, high intensity source. While SAXS instruments with reg-
ular X-ray sources are available in some of the labs [372]], SAXS experiments are often
performed at synchrotron sources. If SAXS is performed at a synchrotron source, it offers
a spacial and temporal resolution in the nm and ms range respectively [373)374]]. Even
though typical SAXS measurements on colloids are very fast if performed at the syn-
chrotron, in stark contrast to SAXS measurements performed on laboratory scale SAXS
instruments, it is difficult to get access to beamtime at synchrotron. Thus, these measure-

ments, although very valuable in their scientific content, are not generally accessible.

Experimental

SAXS measurements shown here were performed on a Anton-Paar SAXSess diffractome-
ter with a line focus sealed Cu tube (PANalytical PW3830) using a pin hole geometry and
a3He gas detector. Data were fitted with the sasfit software (J. Kohlbrecher, PSI, Switzer-
land) assuming a lognormal size distribution. PEG-nitroDOPA stabilized 2.5 nm and 5
nm core radius NPs synthesized in the oil bath and Fe304 NPs heated for 3 min in the
MW were analyzed. Because the SAXS scattering contrast of iron oxide is many times
higher compared to that of the PEG shell, only cores contribute to SAXS scattering. Thus,
unless stated otherwise, PEG(5)-nitroDOPA stabilized 2.5 and 5 nm core radius NPs were
analyzed. To check for structure factor contributions different NP concentrations, namely
0.1, 0.05 and 0.01 vol% NPs for 2.5 nm core radius NPs and 2.5, 0.5, 0.1 and 0.02 vol%
for 5 nm core radius NPs (calculated based on the hydrodynamic radius), were measured.

Samples were measured for 12 h.
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Small Angle Neutron Scattering (SANS)

Features like size, size distribution and spacial correlation of structures in the range of 1
nm to 150 nm can be analyzed with SANS where neutrons typically have a wavelength
between 0.1 and 2 nm. However, in contrast to X-rays, neutrons are scattered by protons
rather than electrons. Therefore, SANS is independent on the atomic number and thus
better suited for the analysis of light elements and to investigate structures which consist
of different elements with similar atomic numbers.

Isotopes such as 2D and !H have different scattering cross sections. Neutron scattering
contrast depends on the difference in the scattering cross sections of the sample and sol-
vent. Therefore, the scattering contrast of samples can be adjusted e.g. by deuterating
certain protons to enhance scattering contrast within the sample. Alternatively, the scat-
tering contrast can be varied by adjusting the solvent (e.g. the ratio of H,O : D,0). Such,
contrast variation experiments can be very valuable to investigate e.g. core-shell struc-
tures. By matching the cross-section of the core and shell independently (e.g. by using
appropriate mixtures of H,O : D,0), scattering contributions of the core can be separated
from scattering contributions of the shell [365]. This allows to quantify the core sizes,
core size distribution, the shell thickness and the dispersant density profile of sterically
stabilized, dispersed core-shell NPs.

Furthermore, in contrast to X-rays, neutrons also possess a magnetic moment which al-
lows to not only investigate nuclear but also magnetic scattering. If an external magnet
is applied, magnetic scattering depends on the spin state ¢ of the neutrons (e.g. whether
neutron spins are aligned parallel or antiparallel to the external magnetic field). The scat-
tering intensity is proportional to (Fy,. + Fmag)2 where Fy, and Fp,,, are the nuclear and
magnetic form factors respectively.

If polarized neutrons are used, they can be aligned either parallel or antiparallel to the
external magnetic field. The form factors can then be described as (Fjc +Fmag) and
(Fauc — Finag) respectively. Thus, if SANS data are acquired with both spin polarizations,
they can be subtracted. The resulting cross term defined in equation [4.32] might reveal
information on magnetic scattering contributions which cannot be assessed otherwise.
Depending on the sample, magnetic scattering contributions are much weaker than nu-
clear scattering contributions. Thus, weak magnetic scattering contributions might only

surface in the crossterm of with polarized neutrons measured SANS data.

d&(*)_‘w+
PTORA TS

() = 4Fnag (@) Fuuc(G)sin(€)*S(4) (4.32)
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4o (G)

and % () the cross sections for samples measured with neutron spins aligned antiparal-

Fiag(g) and Fy,.(G) are the magnetic and nuclear form factors respectively,

lel and parallel to the external static magnetic field respectively and € the azimuthal scat-
tering angle. As can be seen in equation m the crossterm has a characteristic sin(¢)?
dependence if the intensity of scattered neutrons are detected on a 2D detector [375].

However, SANS measurements can exclusively be performed at spallation sources. Be-
cause it is difficult to get beamtime at such large-scale facilities, only a limited amount
of samples can be characterized with SANS. Thus, although very valuable information
about core size, shell thickness, dispersant density profiles and magnetic properties of
NPs can be obtained with SANS, it is not a technique with which samples routinely can

be characterized.

Experimental

SANS measurements shown in this thesis were performed on SANS I at SINQ (PSI,
Switzerland). Spectra of PEG-nitroDOPA stabilized iron oxide NPs were recorded at de-
tector distances of 2 m, 6 m and 15 m where the neutron wavelength was 0.5 nm.

2.5 and 5 nm core radius FezO4 NPs synthesized in the oil bath and stabilized with PEG-
nitroDOPA where the PEG molecular weight was ranged from 1.5 and 10 kDa were in-
vestigated. Alternatively, PEG(5)-nitroDOPA stabilized Fe3O4 NPs heated for 3 min in
the MW were analyzed. The total volume percentage of 5 nm core radius NPs synthesized
in the oil bath was kept constant at 5 vol% independent on the PEG molecular weight (re-
sulting in a core volume fraction of concentration of 0.2, 0.3 and 0.6 vol% for PEG(10)-,
PEG(5)- and PEG(1.5)-nitroDOPA respectively). Similarly, the total volume fraction of
2.5 nm core radius NPs synthesized in the oil bath and stabilized with PEG-nitroDOPA
was kept constant at 5 vol%. Unless stated otherwise, SANS was measured on NPs dis-
persed in D, 0.

To distinguish magnetic objects from non-magnetic ones, some of the SANS measure-
ments were performed with polarized neutrons. The sum of the SANS measurements
performed with neutrons polarized parallel and antiparallel to the external magnetic field
equals scattering patterns measured with unpolarized neutrons. The difference between
these two spectra reveals the crossterm of the magnetic and nuclear scattering factor as
defined in equation 4.32] Thus, while the difference pattern reveals information about
the size and size distribution of Fe304 cores, the sum contains information about nuclear

scattering of the cores and dispersants.
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SANS measurements on liposomes were also performed at SANS-I at the Paul-Scherrer-
Institute (PSI, Villigen, Switzerland). For SANS experiments, liposomes were extruded
in D,0. Samples were analyzed at a liposome concentration of 5 mg/ml, corresponding
to 0.6 vol% liposomes assuming liposomes have a diameter of 76 nm at 25 °C. Data were
acquired on a two dimensional 3He detector at distances of 2 m, 6 m and 15 m and a
neutron wavelength of 0.5 nm. Additionally, the neutron wavelength was increased to 1.3

nm at 15 m detector distance covering a g-range of 0.02 nm~! < ¢! <3 nm™1.

SANS Data Analysis

After correcting the data for background, empty cell scattering and detector efficiency,
data obtained with unpolarized neutrons and the sum of the spectra acquired with neu-
trons polarized parallel and antiparallel to the magnetic field were radially averaged. The
difference spectra of the SANS data acquired with polarized neutrons were averaged us-
ing the sin(£)2 dependence of the isotropic scattering pattern. For form factor which
allowed it, the sum and difference SANS spectra acquired with polarized neutrons were
fitted simultaneously. With this procedure, it was tried to extract information about the

dispersant packing density, shell thickness and dispersant density profile.

Form Factor for Iron Oxide Nanoparticles

The sum spectra of SANS data acquired with polarized neutrons were fitted with form
factors which assume a core-shell structure. The dispersant density profile is assumed
to decay differently, namely exponentially, according to a Gauss curve where the mean
was translated such that it coincided with the NP surface and with a step-function decay

profile. The dispersants are assumed to undergo a self avoiding walk.

Gaussian Dispersant Density Profile

Assuming a core-shell model, where the dispersant density profile decays with a Gaussian

profile, the scattering intensity Igauss (¢) is fitted as [376H378]]

IGauss (9) :nazlggngcz (q,r)+ ngggpszEvz (q,RG)+
agg (1= agg ) PIFS (9) +203gePepsF2 () (433)
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with

sin(gr) —qrcos(qr)

F.(¢q,r)=3 o (4.34)
F(a.R) = 26_qu;_?; fod” (4.35)
Fis(q) =¥ (4.Rq) Si"q((qr(: ;f)G ) (4.36)

Fis (9) =\’ ¥ (4,R6) ®(q.Ro) S’";?fi;ﬁf ) (4.37)
¥ (q,Rc) = et (4.38)

9*R

Nagg 18 the dispersant packing density, g the scattering vector, r the radius of the NP
core, R the radius of gyration of the dispersant, p; and p, the scattering length of the shell
and core respectively. The latter are defined as V (Vshell — Vsolvent) @nd Ve (Veore — Vsolvent)
respectively, where Vi and V, is the volume of the shell and core, v the scattering length

density.

Step-function Dispersant Density Profile

If a step-function density profile ® (1), according to de Gennes is assumed it can be

described as

P (1) for O<lI<r
D(r)= Nage for r<l<r+d (4.39)
0 for I>r+d

The scattering intensity / (¢) can, in general for exponentially decaying density pro-

files, be described as
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1(q) =naeePZFZ (q,7) + nagePIF7 (q,RG) +
Nagg (1= Nage ) PEF? (q) + 20245 pcPsFe () Fy (). (4.40)

The form factor of the core can be described with equation[4.34]identical to the Gaus-
sian profile. The form factor for the shell is given by [378]]

r+d H
f or2-etin(a) 4.41)
r qr

Fi(q,nt) =

norm

with

iH((r+d)3_a —r3‘°‘) for o #2

3-a

ATlIn (=4) for o=2

r

(4.42)

Cnorm =

For the de Gennes model o = 0.

Exponential Dispersant Density Profile

If an exponential decay of the dispersant density profile is assumed, the density profile

® (/) as a function of the distance from the core center / can be described as

D (1) core for O<lI<r
D (1) = Dgphen (5£) for r<i<r+d (4.43)
0 for [>r+d

with

(1-0) (Vyvy—psxell =) for a<0
(1-0)ps(1-x)e™ for o>0

Dherr (x) = (4.44)

O is the percentage of solvent adsorbed on the NP surface.

The scattering intensity is given by [378]]
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sin (

ar) Depent (1) dr. (4.45)

Iexp (‘I) = A 4HI’2 qr

Structure Factor for Iron Oxide Nanoparticles

If the NP concentration is high such that NPs start to interact with each other, contributions
from the resulting structure factor S (¢g) need to be taken into account. In this thesis it was

done by multiplying the size averaged form factor with the structure factor [378]

1(q) = (F?)(q)S(q) (4.46)

Hard Spheres

The potential of the structure factor that assumes hard sphere interactions can be described
with [378]]

oo for O<lI<o
U(l)= 4.47)
0 for I>0

o is the hard sphere radius and / the distance from the core center. The structure
factor for hard spheres Syg (¢) is defined as [378]]

1
Sus (4,0, /) = 247,80 (4.48)
with
G(o.1,) :asin (A) ;?cos (A) s
y—4A4cos (A)+4[(3A2-6)cos(A)+(3A-6)sin(A)+6] (4.49)

A5

A=20q (4.50)
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2
a:(1+2fp)4
(1-%)
2
1+42
B=-6f, 2)4
1=fp)
_%p
=7

fp 1s the volume fraction of NPs in solution.

Hard Sticky Spheres

The hard sticky sphere structure factor has a potential of [378]]

00 for O<l<o
U(l)={In(2) for o<l<o+A
0 for [>0+A

It can be calculated by approaching A to 0.
The structure factor Syss (q, o, fp, T) is defined as [378]]

1

SHss (%@fpﬂ) = T(q)

with

v2A2
2

(1-cos(Kx))-

C(q) =2%Sii’l (x)-2

[aek? (sin (x) kcos (k) + B x> (2ksin (k) - (k% —2) cos (k) —2) +

% (453 - 24x) sin (x) - (k* ~ 12k% +24) cos (k) +24)]24%

o~ (1+2v—21)2
(1-v)

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)

(4.56)

(4.57)
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ﬁ:_3v(2+v)3—2u(1+7VZV2)+“2(2+V) (4.58)
2(1-v)
p=Av(l-v) (4.59)
QLZ—(E— /82—7) (4.60)
v
eore L (4.61)
L (4.62)
"3(1-v)? |
26 +A\
n52)
=240 (4.64)

7T is the stickiness parameter that describes the affinity of two adjacent NPs.

A contribution from the hard sticky sphere structure factor was included in fits where a

broad NP core size distribution was assumed (Figure [8.15).

Dispersant Packing Density

The dispersant packing density which results from fits obtained using an exponential dis-

persant density profile (section[4.4.1)) can be calculated using

r+d
AL [ P () dr =411 nagg Vinoecute
where @ (r) is defined similar to equation as

—lere( T) for <0

1
¢(l): i I-r
(1-EH)ema® for a>0

(4.65)

(4.66)
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d the shell thickness and Vigjecule 1S the molecular volume. The latter was calculated
assuming a cylindric shape of a ethylene glycol (EG) repeat unit (ru.) with a C-C, C-H
and C-O bond length of 0.133 nm, 0.110 nm and 0.143 nm [379] and an angle between
the different r.u. of 109°. This yielded a cylinder radius 7., of 0.149 nm and a height A,

of 0.431 nm. Hence, the volume of a molecule was calculated

Vinolecule = I_17"1%11,1’lr.u.]\] (467)

where N is the number of repeat units.

Assuming a lognormal core size distribution, equation #.65|can be re-written as

In( £ ln(

o0 r+d 2 1 _ (u) 3 o _ ﬁ)z
fo f PO (1)dl | ~¢ 25 dr = nygeNa fo ¢ 20 rdr. (4.68)
r r

This equation can be solved analytically. For & <0, nag, is

_o?

de 2
Nagg ZW(dz(a(IM a(9+o(3+a)))-18(-1+e%))+

2
3odeT (4+ a(4+a(2+a))—4e®)r+302e> (1+a+a—e®)?).  (4.69)

where d (shell thickness) and a (decay rate of the dispersant density profile) are

fitting parameters.

For a > 0, nye, 18

2
ﬂ(d2(6+4a+ a?+2(-3+a)e*)+
atr 3Vmolecule

2
20de” (2+a+(-1+a)e®)r+ azez“z(l +(-1+a)e*)r?). (4.70)

Nagg =

Liposomes

Data measured on liposomes were analyzed by combining a form factor for vesicles and

one that describes scattering of a core-shell NP. To account for the agglomeration of DSPC
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Figure 4.9: Definition of the vesicle dimensions of the SANS form factor. The definition of the thickness of
the head group #;, the tail length #;, of the bilayer and the vesicle core radius R, which are used to calculate
the vesicle form factor used to fit SANS data.

liposomes measured at RT, a constantly increasing background with a slope of -3.5 was
assumed. Furthermore, a contribution from the structure factor for hard sticky spheres
was added.

The scattering intensity of a vesicle was described with equation

Liesicle :(K (q;Rc; Nsolv — nt) +K(‘I>Rc +14,N — nh) +
K (q,Re+1:+th, M= 10) + K (¢, Re + 2t + 13,0y = Msory) ) (4.71)

where

sin(gR) —gRcos (qR)
3
(qr)
q is the scattering vector, r the inner radius of the liposome, #; the head group thickness

4
K(q,R,An) = §7zr3Av3 (4.72)

and 7, the thickness of the hydrophobic region of the bilayer as defined in Figure 4.9]and
7 is the scattering length density.
Scattering from core-shell NPs was fitted using [378]]

Leore (%RaAn) = K? (%RC»AT]) (4.73)

and

Ishell (q;RwAR?AnlaAnZ) = [K(Q7RC +AR7AT’2) _K(Q7R67An2 _Anl)]z . (474)
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SANS data acquired on PEGylated liposomes were fitted using an extended form fac-
tor from equation where additional polymers were assumed to surround the vesicle

bilayer.

4.4.2 Thermogravimetric Analysis (TGA)

One possibility to quantify the amount of dispersants adsorbed on NPs is TGA. Organic
dispersants are typically thermally degraded to volatile products between 200 and 500
°C. The resulting weight loss is measured as a function of the temperature and can be
used to quantify the weight percentage of organic compounds on oxide NPs [380]. The
volatile decomposition products can further be analyzed in situ by connecting the TGA
to a MS or FTIR. This technique is especially valuable because it does not rely on model
assumptions. However, care must be exercised that free dispersants are completely re-
moved before these NPs are analyzed. Furthermore, to determine the packing density of
dispersants on stabilized NPs, not only impurities and non-adsorbed dispersants need to

be thoroughly removed but also particle agglomerates.

Experimental

To quantify the amount of dispersants on the NP surface, 1-3 mg stabilized iron oxide NPs
were analyzed per run on a NETZSCH STA 449 C Jupiter, which for some experiments
was coupled to a NETZSCH QMS 403 Aeolos MS (NETZSCH Geraetebau GmbH, Aus-
tria). Samples were heated from 35°C to 600 °C at 10 °C/min using a flow rate of 47.4
sccm Ar and 12.6 sccm O, where TGA and DSC spectra were recorded simultaneously.

TGA analysis of liposomes containing iron oxide NPs was performed on a TA Q500
instrument (TA instruments). Millipore based liposome solutions, extruded at a lipid con-
centration of 5 mg/ml where the liposome concentration was increased by partially evap-
orating water under a constant NV, flow were analyzed. 50 ul liposome dispersions were
analyzed at a time. Water was evaporated in situ at 50 °C before the sample was heated at
20 °C/min to 600 °C in a N, atmosphere. Statistics was done on 2-4 independent identical

samples.
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4.4.3 Differential Scanning Calorimetry Analysis (DSC)

Differential scanning calorimetry measures the difference in heat flow needed to heat
the sample and reference at the same rate. If the sample undergoes an exothermic re-
action, less external heat is required to maintain a constant heating rate of the sample
compared to a reference sample which does not undergo any reaction in this temperature
range. Endothermic reactions in the sample require more external heat to keep the heat-
ing rate constant. If DSC is measured simultaneously with TGA, mass losses measured in
TGA can be assigned to endo- or exothermic reactions. Thus DSC helps to assign mass
changes measured with TGA to chemical reactions. Furthermore, phase transformations
and re-crystallization processes often cannot be detected with TGA whereas they often
can clearly be seen with DSC. Thus, while TGA reveals information about mass changes
involved in phase transformations and/or thermal degradations, DSC provides informa-
tion about the amount of energy involved in such reactions and phase transformations
[381]].

Experimental

DSC of liposomes was measured on a Perkin Elmer instrument (Perkin Elmer). The same
Millipore water based liposome solutions as analyzed with TGA were used to measure
DSC. Samples were analyzed from 25 °C to 80°C before they were cooled to 25 °C using
a heating and cooling rate of 10 °C/min. This temperature cycle was repeated twice. 40
ul liposome solution was analyzed at the time. Statistics was cone on 2-6 independent
identical samples.

4.4.4 Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D)

QCM-D is a label-free in situ biosensing technique which provides real time quantitative
information on mass adsorbed on a QCM-D crystal as well as the viscoelasticity of the ad-
sorbed layers [382]]. Adsorption of molecules induce changes in the resonance frequency
Af of the quartz crystal oscillating freely in shear thickness mode. Af can be translated
into the adsorbed masses Am using the Sauerbrey equation for homogeneous thin films
without losses [383]]
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Am = %A f (4.75)

where C = 17.7 ng/(cm? n) and n is the overtone of the resonance frequency or by
applying theoretical models which account for limitations of the Sauerbrey equation such
as losses due to viscoelasticity [384]] or hydrodynamics [385]. Simultaneously to mon-
itoring changes in frequency, the decay rate of the amplitude of the quartz crystal after
the excitation voltage is turned off is measured. The decay time constant is inversely pro-
portional to the energy dissipation. Changes in the dissipation AD are recorded to obtain
information on the viscoelasticity of the adsorbed layer. Whereas rigid, dense layers such
as supported lipid bilayers (SLBs) result in small AD values [386, 387]], the adsorption of
proteins or NPs can cause large increases in AD. Thus QCM-D allows to in sifu observe
how e.g. targeted NPs bind to specific surfaces and might therefore be used as a tool to
measure binding kinetics and specificity of functionalized NPs towards protein surfaces

or cell membrane mimics.

Experimental

To measure the binding kinetics of biotinylated NPs synthesized by the aqueous precip-
itation method and stabilized with PEG-gallol, QCM-D studies were performed at room
temperature in HEPES containing 160 mM NaCl under static conditions. To form an anti-
VCAM presenting surface, 400 ng/cm? protein A was adsorbed on SiO,-coated QCM-D
crystals followed by the addition of 5 g/ml recombinant human VCAM-1 chimera be-
fore 100 ng/ml anti-VCAM-1 antibody functionalized NPs were injected. Between every
step, the system was rinsed with buffer. For control experiments, recombinant human
VCAM-1 chimera was exchanged by Fc-tagged E-cadherins. Alternatively, neutravidin
coated NPs were functionalized with biotinylated anti-human E-selectin antibodies in-
stead of biotinylated anti-human VCAM-1 antibodies. A concentration of 100 ug/ml
NPs was used. For control experiments with human serum, the latter was immobilized
on Au-coated QCM-D crystals before functionalized NPs were injected into the QCM-D
chamber.

Binding kinetics of biotinylated NPs synthesized by non-aqueous sol-gel routs was tested
by forming a supported lipid bilayer (SLB) from 100 pg/ml 50 nm radius extruded POPC
vesicles containing 3 mol% biotin-PE vesicles [386} 387]. After 50 pug/ml neutravidin

was injected into the QCM-D chamber, the neutravidin presenting surface was rinsed



108 4. METHODS

with 1 ml Tris at a flow rate ot 50 pl/min to remove excessive neutravidin. In the follow-
ing, binding of 100 ug/ml NPs dispersed in HEPES buffer containing 160 mM NaCl was
monitored.

To test binding kinetics of NPs functionalized with HSP60 antibodies, where function-
alization was done through the biotin-neutravidin linkage, 5 tg/ml HSP60 receptor was
immobilized on Si0; QCM-D crystals before the surface was back-filled with 100 pg/ml
PLL-g(3.5)-PEG(2). To these surfaces, 50 pg/ml functionalized NPs were added.

The binding kinetics and specificity of NPs functionalized with HSP60 antibodies through
covalently linking them to the acrylate terminated dispersants, 250 pg/ml protein A was
immobilized on Si0, QCM-D crystals followed by the injection of functionalized NPs.
The concentration of functionalized NPs was unknown due to NP agglomeration. Func-
tionalization was done at a NP concentration of 200 pg/ml. Functionalized NPs were
subsequently filtered with syringe filters which have a cut-off of 200 nm prior to their in-
jection into the QCM-D chamber. All functionalization studies where HSP60 antibodies
were involved were performed in Tris containing 160 mM NaCl under static conditions

where solutions were exchanged at a flow rate of 50 ul/min.
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lron Oxide Core Synthesis

5.1 Background

To facilitate the handling and re-suspension, commercially available iron oxide NPs are
often coated with unkonwn stabilizers. However, studies on the influence of dispersants
and anchors on the NP stability require uncoated, as-synthesized NPs with a defined sur-
face chemistry. To have better control over the NP composition and size distribution, and
to eliminate the uncontrolled influence of detergents added to commercially available NPs
either during or after synthesis, all iron oxide NPs used in this work were synthesized in
our lab. Therefore, different NP synthesis routes were compared regarding the resulting
core size and size distribution and are described in the following chapter.

Motivated by the versatility of NP applications, much research has been devoted to the
NP synthesis. The NP synthesis protocol determines their size, shape and size distribution
(192,302, 1388]. These factors are crucial for the NP performance because, as outlined in
chapter (1} they determine physical properties such as the absorption and emission wave-
length for NPs used for optical purposes or the magnetic properties of magnetic NPs
(33 1389].

Due to the high scientific and technological interest on iron oxide NPs, numerous synthe-
sis routes for these NPs have been developed [100]. Already in 1981, Massart reported a
capping agent-free aqueous precipitation method. Precipitation of iron oxide NPs could
be induced through the addition of a base to a supersaturated solution containing Fe2*
and Fe3* ions [320, 390]. Even though the average size can to a certain extent be tuned
by controlling the pH, the molar ratio of Fe2* : Fe3*, adding additional cations and using
different bases, the size distribution is broad and its control limited [[100} [391-393]].
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Non-aqueous sol-gel processes are thought to be less susceptible to small changes in syn-
thesis protocols. This renders them more reproducible and robust compared to aqueous
systems [394]. Furthermore, NP size and morphology can be controlled by adjusting
solvents, precursors, synthesis temperature and time if NPs are synthesized by the non-
aqueous sol-gel route compared to the aqueous precipitation methods [394]]. The closer
control over NP size and shape allowed to synthesize monodisperse NPs through sol-gel
methods where nucleation was separated from the slow NP growth [390, 395].

The superior control over morphology, size and size distribution of NPs synthesized by
non-aqueous sol-gel as compared to aqueous precipitation methods might at least partially
be related to the fact, that the aqueous and non-aqueous synthesis routes rely on different
chemical principles. Iron oxide NPs synthesized by aqueous precipitation methods are
precipitated from a supersaturated salt solution. If NPs are synthesized by non-aqueous
sol-gel methods, which are typically conducted at elevated temperatures, organic reac-
tions between the precursors and the solvent are responsible for nucleation and growth of
NPs [394,1396].

There are many different methods to heat precursor/solvent dispersions. Next to conven-
tional methods such as the oil bath where synthesis can be done under inert atmosphere
[397] or reflux [398]] and in the autoclave [399], MW synthesis has become increasingly
popular. The homogeneous heating and fast nucleation induced by MWs was reported to
result in monodisperse nobel metal NPs such as Au and Ag NPs through a reduction of
Au* and Ag* ions if dispersed in DMF in the presence of poly(vinyl pyrrolidone) (PVP)
[400] or Pt NPs through the reduction of Pt ions [401]. However, the presence of ~ 3%
15-20 nm radii Ag NPs was reported in batches that otherwise consisted of 1.5 and 2 nm
core radii Ag NPs. Nevertheless, control over the NP size was claimed to be superior if
these noble metal NPs were synthesized in the MW compared to NPs synthesized under
reflux [402]. The closer size control and the short synthesis time is considered as the
main advantage of the MW synthesis route compared to older heating methods. NPs of
many different compositions and shapes such as QDs [400], semiconductor rods [403],
Ni NPs [404], Ag nanorods [405], tungstates [406], PbTe and PbSe nanocubes, [407]
LaPOy:Ce,Tb, [408] ZnO needles, [409]] TiO, NPs [410-412], BaTiO, [413] and oxide
NPs [321] were synthesized in the MW.

Irrespective of the heating method, the core size can be reduced and the control over the
NP shape increased if capping agents such as citrates are added [414)]. The most promi-
nently used capping agent for the synthesis of iron oxide NPs, namely oleic acid, has

been shown to narrow the core size distribution if added to the precursor dispersion prior
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to NP synthesis [393, 1415]. However, complete replacement of capping agents with hy-
drophilic dispersants is challenging, mainly due to a lack of dispersants which have high
affinity anchors. Incomplete displacement of capping agents, however, compromises NP
stability in aqueous media. To avoid having to displace and replace hydrophobic capping
agents, Lei et al. reported a one pot reaction where iron oxide NPs were synthesized by a
thermal decomposition reaction in the presence PEG-COOH [416]]. Because PEG-COOH
and oleic acid have the same anchor, the influence of PEG-COOQOH on the NP size and size
distribution might be similar to that of oleic acid. However, the resulting NP size distribu-
tion was considerably broader compared to NPs synthesized in the presence of oleic acid.
Furthermore, based on TEM micrographs and the lack of data on the hydrodynamic ra-
dius of PEG-COOH stabilized NPs, stability of the resulting PEG-coated iron oxide NPs
is questionable.

A drawback of most of these synthesis methods is their limited batch sizes. However, a
non-aqueous sol-gel synthesis route similar to the one described by Sun et al. [395] was
shown to be suited to up-scale. Monodisperse iron oxide NPs in batch sizes of 40 g were
obtained [415]. This is especially valuable for industrial applications. However, in this
thesis, NPs were synthesized in small batch sizes only.

To investigate the influence of the anchor, dispersant M,, and core radius on NP stability,
dispersant packing density and dispersant packing density profile, cores should have a
monomodal, ideally monodisperse size distribution. Therefore, three different synthesis
protocols, namely an aqueous precipitation method and two non-aqueous sol-gel meth-
ods where the precursor suspensions were heated in the MW and oil bath, respectively,
were compared regarding the control over the core size and size distribution. The aque-
ous precipitation method yielded in poor control over the NP size. The core size of NPs
synthesized by the non-aqueous sol-gel method could be controlled by adjusting the syn-
thesis time and temperature. However, iron oxide NPs heated in the MW for maximally
1 h had a bimodal size distribution whereas NPs synthesized in the oil bath for 24 h were
monomodally distributed. The bimodal size distribution of NPs synthesized in the MW
also significantly influenced their magnetic properties as was measured with polarized

neutrons in SANS experiments.
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Figure 5.1: Iron oxide cores synthesized by aqueous precipitation of iron ions. HRTEM of mPEG-gallol
stabilized iron oxide NPs revealed single domained NPs with an Fe-Fe distance of 3.0 + 0.3 A in the (221)

direction. (b) Analysis of TEM micrographs revealed an iron oxide core size of 9 + 2 nm (measured on 240
particles).
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Figure 5.2: Zeta potential of iron oxide cores synthesized by aqueous precipitation of iron ions. The zeta
potential by aqueous precipitation synthesized iron oxide NPs dispersed in Millipore water containing 160
mM NaCl measured as a function of pH revealed a PZT of iron oxide of 6.7.
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5.2 Aqueous Precipitation

Aqueous precipitation is an experimentally simple synthesis route that yields single do-
main iron oxide NPs as can be seen in Figure for NPs synthesized according to the
procedure described in section The single domain NP seen on the HRTEM micro-
graph in Figure [5.1 is oriented in the (221) direction and has an Fe-Fe distance of 3.0 +
0.3 A in good agreement with what has been previously reported for magnetite [417] and
maghemite [342]. The BET-surface area of uncoated powder was 88 m?2/g. This area was
lower than expected for an average NP radius of 4.5 nm obtained from TEM analysis.
However, during centrifugation of stabilized, freeze-dried and re-dispersed NPs, larger
NPs were removed and thus excluded from the core size evaluations of re-dispersed NPs
performed by TEM while they were included in BET measurements. This discrepancy
between core sizes obtained by TEM and the one calculated from the BET surface area is

a consequence of the broad NP size distribution.

5.3 Microwave Assisted Synthesis

To investigate the influence of the dispersant shell thickness and the dispersant density
profile on NP stability, the size distribution of iron oxide NPs should be narrow. Therefore,

NP synthesis was performed by a non-aqueous MW assisted sol-gel method.

5.3.1 Core Size

The mean core size of iron oxide NPs synthesized in the MW according to the protocol
of Bilecka et al. [321] described in section [3.2.3| was evaluated with XRD using the
Scherrer formula (equation . It linearly depended on the time the Fe (ac), precursor
(dissolved in benzylalcohol) was kept at 180 °C (Figures [5.3] and [5.4)), well in agreement
with what has previously been reported [321]]. Additionally, the core size distribution was
analyzed based on TEM images for iron oxide NPs synthesized at 180 °C for 3 and 30
min (Figure [5.5). Despite the short synthesis time, the cores were highly crystalline and
single domain (Figure [5.6)).

As expected, freshly in the MW synthesized, unstabilized iron oxide NPs had an inverse
spinel structure that can be assigned to FezO4 (ICDD PDF No. 00-019-0629) or to y—
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Figure 5.3: TEM images of NPs synthesized in the MW as a function of synthesis time. Fe (ac),, dissolved
in benzylalcohol has been heated with the MW to 180 °C for (a) 30 s, (b) 3 min, (¢) 10 min, (d) 15 min,
(e) 20 min and (f) 30 min. Iron oxide NPs were stabilized with PEG(5)-nitroDOPA, dispersed in Millipore

water and air dried on a TEM grid.
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Figure 5.4: Dependence of the size of the fraction of large NPs synthesized in the MW on the synthesis
time. Fe(ac), dispersed in benzylalcohol was heated in the MW for different times. The resulting size of
the fraction of the large cores of the bimodally distributed NPs was analyzed with XRD using the Scherrer
formula.
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Figure 5.5: Size distribution of iron oxide NPs synthesized in the MW. The core size distribution of the NP
fraction where the mean size was analyzed with XRD in Figure [5.4] was analyzed based on TEM images
for Fe304 NPs synthesized in the MW where they were kept at 180 °C for 3 min (-®-) and 30 min (-m-)
respectively. If the size distributions were fitted with a Gaussian curve, their mean radii were 2.8 nm and
3.6 nm and their size distributions 0.7 nm and 0.8 nm respectively.

Figure 5.6: HRTEM image of Fe304 NPs synthesized in the MW. HRTEM of NPs grown from Fe (ac),,
dissolved in benzylalcohol for 3 min in the MW stabilized with PEG(5)-nitroDOPA. The lattice spacing is

0.25 nm.
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Figure 5.7: XRD of iron oxide NPs synthesized in the MW. XRD of unstabilized iron oxide NPs that were
grown for (A) 30 min and (B) 3 min in the MW. The diffraction patterns could be assigned either to Fe304
(ICDD PDF No. 00-019-0629) or y— Fe; O3 (ICDD PDF No. 00-039-1346).
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Figure 5.8: XPS of iron oxide NPs. Fe 2p XPS spectra of (A) as-synthesized Fe304 and (B) 4 months in
ethanol stored, oxidized NPs. The red line shows the fit obtained by a convolution of the F¢OOH (cyan),
Fe’* (blue), Fe’* (magenta) and peaks where the binding energy and FWHM
were constrained using parameters summarized in Table[5.]

Fe;03 (ICDD PDF No. 00-039-1346) irrespective whether cores were grown for 3 or 30
min (Figure[5.7).

Iron Oxide Nanoparticle Stochiometry

The iron oxidation state of as-synthesized iron oxide NPs and those stored for 4 months in
ethanol at 4 °C was investigated with XPS (Figure @) The Fe 2p 3 XPS peak of freshly
synthesized iron oxide NPs could be deconvoluted into four peaks assigned to Fe3*, Fe2*,
FeOOH and metallic Fe by restricting the binding energy and FWHM of these peaks with
parameters listed in Table The atomic ratio of Fe?* : Fe3* was close to 1 : 1. This
ratio is higher than expected for Fe304 NPs. These NPs were synthesized under Ar at-



5.3. MICROWAVE ASSISTED SYNTHESIS 117

Table 5.1: Parameters used to fit the XPS Fe 2p3/ 2 peak of iron oxide films.
| BE(eV) | FWHM (eV) | % gauss | tail parameter |

Fe’* | 7102 £ 0.1 24 45 0.0
Fe?* | 709.0 0.1 24 45 0.0
FeOOH | 711.5 £ 0.1 34 45 0.0
Feper | 706.6 + 0.1 L.5 85 0.9

mosphere, vacuum dried and analyzed directly thereafter with XPS. The high Fe?* : Fe3*
ratio might indicate that less than 2/3 of the Fe?* ions were oxidized to Fe3* during syn-
thesis in benzyl alcohol. The exposure time to air after NP synthesis but prior to their XPS
analysis might then have been too short to further oxidize sufficient Fe2* ions to yield a
molar ratio of Fe3* : Fe* ions=2: 1.

In contrast, the Fe 2p3; peak of iron oxide NPs that had been stored at 4 °C for 4 months
prior to XPS analysis2could not be properly deconvoluted if the peak locations were re-
stricted to the binding energies and FWHM summarized in Table (Figure[7.2b). Fur-
thermore, the Fe 2p, peak of the aged iron oxide NPs was convoluted with a strong Fe3*
satellite peak centeréd at 719 eV [418],419]. This indicates that storage of iron oxide NPs
for 4 months in ethanol lead to their oxidation to Fe,O3. In contrast, the Fe3* satellite
of as-synthesized NPs was significantly weaker and convoluted with the FeZ* satellite at
715 eV [418,419] supporting fitting results of the Fe2p 3 peak where significant amounts

of Fe** and Fe3* ions were found for as-synthesized NPs.

Iron Oxide Nanoparticle Size Distribution

PEG(5)-nitroDOPA stabilized NPs dispersed in Millipore water were air-dried on a car-
bon coated Cu TEM grid where the carbon film had 3.5 um diameter holes. Next to
individually stabilized NPs, NPs that agglomerated from drying were seen (Figure[5.9).
Furthermore, PEG-nitroDOPA, the dispersant used to stabilize as-synthesized NPs, was
found to span 3.5 um diameter holes, as control experiments revealed. However, sur-
prisingly, many of the 3.5 um diameter holes in the carbon film were spanned with a
film of 0.5 - 1 nm core radius NPs surrounded by a polymer matrix (Figure[5.9p). These
ultrasmall NPs could only unequivocally be identified as NPs if embedded in films that
spanned holes. If iron oxide NPs were deposited on a # 10 nm thick carbon film sup-
ported on a Cu TEM grid, as is conventionally done, contrast from the carbon film was
similar to that of 0.5 - 1 nm radius NP cores. Thus, these ultrasmall NPs could not be

detected. The minuscule size of the ultrasmall NPs also complicates their detection with
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Figure 5.9: TEM of iron oxide NPs synthesized in the MW. a) Overview and b) detail TEM micrograph of
iron oxide NPs synthesized from Fe (ac), in benzylalcohol. The precursor solution was heated in the MW
to 180 °C where NPs were grown for 30 min. As-synthesized NPs were stabilized with PEG(5)-nitroDOPA
and air-dried on a carbon supported Cu-grid where the carbon film had 3.5 pum diameter holes.
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Figure 5.10: EELS spectra of spanning films. EELS analysis of films that spanned the 3.5 um holes in the
carbon film such as shown in Figure[5.5p revealed the presence of iron and oxygen. This demonstrates that
the NPs seen in TEM are iron oxide NPs.



5.3. MICROWAVE ASSISTED SYNTHESIS 119

0.014

Figure 5.11: SAXS on NPs synthesized in the MW. SAXS was measured on PEG(5)-nitroDOPA stabilized
iron oxide NPs which had been synthesized in the MW (black line). The red line is the best fit obtained
assuming a bimodal NP size distribution where the NPs were lognormally distributed. The larger NP
fraction had a mean radius of 4.0 nm and a size distribution of 0.27 while the smaller fraction had a mean
radius of 0.9 nm and a size distribution of 0.23. The small NPs were 1700 x more numerous than the
larger NPs. The blue line corresponds to the best fit obtained a monomodal lognormally distributed size
distribution where the core radius was 4.1 nm while the size distribution was with 0.66 extremely high.
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Figure 5.12: SANS on PEG(5)-nitroDOPA stabilized NPs synthesized in the MW. Contrast variation SANS
experiments were performed on PEG(5)-nitroDOPA stabilized iron oxide NPs synthesized in the MW where
the volume ratio of D,0O and H,O was 100 : 0 (black), 80 : 20 (red), 60 : 40 (green), 40 : 60 (blue),

and 0 : 100 (magenta). PEG yields highest SANS scattering contrast in DO and its contrast
is matched if it is dispersed in a mixture of 84 vol% H,O and 16 vol% D,0O. The iron oxide cores would
scatter best in H,O and least in D,O. Because hardly any scattering can be seen if PEG(5)-nitroDOPA
stabilized iron oxide NPs were dispersed in a mixture of 80 vol% of H,O and 20 vol% of D,0, which is
close to the matching point of PEG, the vol% of cores must be very low. The PEG concentration is however
high, given the good scattering of PEG in D;O.
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conventional diffraction techniques such as XRD. The crystallite size is too small to result
in clear diffraction peaks if analyzed with XRD. For similar reasons, no clear diffraction
peaks could be detected with TEM if such samples were analyzed in the reciprocal space.
Moreover, due to attractive Van-der-Waals forces and the high surface : volume ratio,
NPs will agglomerate if they are not stabilized. Once agglomerated, these ultrasmall NPs
cannot be detected any more. Therefore, an appropriate sample preparation protocol and
characterization technique is required if these ultrasmall NPs have to be detected.

To assure that these dots were iron oxide NPs rather than contaminations introduced dur-
ing the sample preparation, EELS was performed on films spanning 3.5 pm holes in the
carbon film supported TEM grids. This analysis unequivocally revealed the presence of
iron and oxygen demonstrating that the NPs comprised of iron oxide (Figure[5.10). These
ultrasmall iron oxide NPs must therefore be a byproduct of the NP synthesis or alterna-
tively be generated during the stabilization process.

Air-drying of Millipore water-based NP dispersions can induce size-based NP segrega-
tion. TEM images acquired on these samples can therefore not be used to quantitatively
determine the relative fraction of the bimodal size distribution. However, these TEM
images allow to qualitatively determine if the core size distribution is monomodal or bi-
modal. To estimate the fraction of ultrasmall NPs in solution, SAXS measurements were
performed on Millipore water based PEG(5)-nitroDOPA stabilized NPs that had been
synthesized in the MW at 180 °C for 3 min (Figure[5.11)). SAXS data could only be fitted
assuming two lognormally distributed populations of cores, one with a mean radius of 4
nm and the other had a mean radius of 0.9 nm. The 0.9 nm core radius NPs were 1700
times more abundant compared to the 4 nm radius cores (resulting in a weight fraction
of of 98 wt% and 2 wt% of small and large NPs respectively) (Figure [5.9). The standard
deviations for the larger and smaller cores were 0.27 and 0.23 respectively.

The consequences of the predominance of the ultrasmall NPs for NP characterization and
physical properties of these dispersions was exemplified in SANS measurements which
were performed on the same batch of NPs as used for the SAXS measurements. As can
be seen in Figure[5.12] no scattering was detected for NPs dispersed in 84 vol% H,O and
16 vol% D, O whereas scattering was maximal if NPs were dispersed in D,O. Consider-
ing that the scattering contrast of PEG is maximal in D, O and its scattering cross section
i1s matched if they are dispersed in a mixture of 84 vol% H,O and 16 vol% D,O0, these
contrast variation experiments evidenced that neutron scattering was limited to scatter-
ing from PEG. Iron oxide cores of the ultrasmall fraction were with a radius of 0.9 nm
considerably smaller than the radius of gyration (Rg) of PEG(5) which is 2.9 nm [200]].
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Figure 5.13: VSM measurements on iron oxide NPs synthesized in the MW. VSM measurements were
performed on uncoated iron oxide NPs heated in the MW to 180 °C for 3 min (-®-) and 30 min (-m-)
respectively. The amount of organic impurities was quantified with TGA and VSM data were normalized
accordingly.

Furthermore, one core is surrounded by multiple PEG chains. Thus, for ultrasmall NPs
stabilized with PEG(5)-nitroDOPA, PEG is expected to scatter stronger even if the scat-
tering contrast of PEG and that of the core was identical. That no scattering from 4 nm
radius cores can be seen with SANS despite that scattering contrast scales with 7 and thus
renders SANS sensitive to larger objects, supports SAXS data where the concentration of
ultrasmall cores was much higher compared to that of larger cores.

Ultrasmall NPs were seen in SAXS but not in SANS because X-rays are scattered by
electrons and the electron density in the Fe304 cores is more than five times higher com-
pared to that of the PEG shell. Scattering in SANS relies on differences in the scattering
cross section between the solvent and the scatterer, which is determined by the nucleus.
Depending on the solvent (if H,O or D, 0O are used) scattering contrast from PEG or that
from the core predominates. However, the volume fraction of ultrasmall NPs was too
low to be detected with SANS even if they were dispersed in H,O which yields highest
scattering contrast of Fe3Oy4 cores (Figure[5.12).

Magnetic Properties

Despite that 4 nm radius iron oxide cores synthesized in the MW were, according to VSM
measurements, superparamagnetic (Figure [5.13), no clear magnetic scattering, which
would result in an anisotropic 2D scattering pattern in Figure [5.14, could be observed
with polarized neutrons. This apparent contradiction is likely due to the large fraction of

ultrasmall NPs in solution. Disordered spins at the NP surface are thought to cause a ~
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Figure 5.14: SANS measurements performed with polarized neutrons on PEG(5)-nitroDOPA stabilized
NPs synthesized in the MW. 2D SANS data of PEG(5)-nitroDOPA stabilized iron oxide NPs synthesized in
the MW at 180 °C for 3 min acquired with polarized neutrons. Neutrons were polarized (a) parallel and (b)
antiparallel to the static magnetic field. (c) The difference spectra of (a) - (b) is close to zero indicating that
these samples do not magnetically scatter. The logarithmic color scale indicates scattering contrast.

0.2-1.5 nm thick non-magnetic shell [35} 36, 421]] which will be further discussed
in chapter [7]] Therefore, the contribution of well-dispersed ultrasmall NPs to magnetic
properties of the dispersion is most likely negligible. This might be one of the reasons for
the low saturation magnetization (M) especially of cores where the larger fraction had a

radius of 4 nm.

5.3.2 Synthesis Parameters that Determine the Nanoparticle Size

Distribution

Solvent, precursor, precursor concentration and synthesis time are known to influence
the NP size and size distribution [394]]. Therefore, the influence of these parameters on
the size distribution of iron oxide NPs synthesized in the MW were investigated. Be-
cause, as described above, ultrasmall NPs could be visualized with TEM if embedded
in PEG-nitroDOPA films spanning 3.5 um holes of carbon film supported TEM grids,
this technique was mainly used to characterize the core size distribution as a function of

synthesis conditions.

Influence of Precursor and Precursor Concentration and Solvent

The large NP fraction synthesized from Fe3* acetylacetonate (Fe (acac)), the most abun-

dantly used precursor to synthesize iron oxide NPs by non-aqueous sol-gel methods, was
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Figure 5.15: TEM of iron oxide NPs synthesized in benzylalcohol in the MW. (a), (b) 1 mmol Fe (ac), and
(c), (d) 0.1 mmol Fe (ac), and (e), (f) I mmol Fe (acac), dissolved in benzylalcohol has been heated in the
MW to 180 °C for 3 min. Iron oxide NPs were stabilized with PEG(5)-nitroDOPA, dispersed in Millipore
water and air dried on a TEM grid. Images were taken in regions where PEG(5)-nitroDOPA/NP films span
the 3.5 um holes.

smaller compared to that of iron oxide NPs synthesized from Fe>* acetate (Fe (ac),) (Fig-
ure[5.15)). However, ultrasmall NPs were seen irrespective whether Fe (ac), or Fe (acac),
was used as a precursor (Figure[5.15|c and d).

The influence of the solvent on the size distribution of iron oxide NPs was investigated by
comparing NPs synthesized from Fe (ac), and Fe (acac) dispersed in benzylalcohol and
pyrrolidone respectively. Pyrrolidone based precursor dispersions were heated in the MW
to 180 °C and kept at this temperature for 30 min. Especially the larger core fraction of
NPs synthesized from Fe (ac), was smaller if NPs were synthesized in pyrrolidone com-
pared to those synthesized from Fe (ac), in benzylalcohol (cf. Figure[5.16p and [5.15h).
This likely is due to a high affinity of pyrrolidone especially to Fe3* [422].

NPs synthesized and stored in pyrrolidone were colloidally stable. This likely is related
to the high affinity of pyrrolidone to Fe3*. Because of the good colloidal stability if dis-
persed in pyrrolidone, NPs could not be precipitated even if they were centrifuged for 2

h at 40’000 rpm. Thus these NPs were not washed with ethanol prior to stabilization.
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Figure 5.16: TEM images of NPs synthesized in pyrrolidone in the MW. (a), (b) Fe(ac), and (c), (d)
Fe(acac) dissolved in pyrrolidone has been heated to 180 °C for 3 min using the MW. Iron oxide NPs
were stabilized with PEG(5)-nitroDOPA, dispersed in Millipore water and air dried on a TEM grid.
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Figure 5.17: XRD of MnO and Mg(OH), NPs. (a) XRD of MnO NPs (ICDD PDF No. 01-075-0625)
synthesized in the MW from (A) Mn (ac), and (B) Mn (acac), precursors dissolved in benzylalcohol and
(b) Mg(OH), NPs (ICDD PDF No. 01-074-2220) synthesized from magnesium ethoxide dissolved in
acetophenone.

The good stability of as-synthesized NPs in pyrrolidone was in strong contrast to NPs
synthesized in benzylalcohol. The latter agglomerated and readily sedimented if stored
unstabilized in benzylalcohol or ethanol. They thus could easily be washed with ethanol

prior to stabilization.

MnO and Mg (OH ), Nanoparticles Synthesized in the Microwave

To check, if ultrasmall NPs were a feature of iron oxide NPs, MnO and Mg(OH), NPs
were grown in the MW and stabilized with PEG(5)-nitroDOPA. Dispersions of Mn (ac),
and Mn (acac), dissolved in benzylalcohol and magnesium ethoxide (Mg (OC»Hs),) dis-
solved in acetophenone were heated to 180 °C and grown at this temperature for 1 h.
Mn (ac), and Mn(acac), precursors dissolved in benzylalcohol both resulted in MnO
NPs as was confirmed by XRD (ICDD PDF No. 01-075-0625). That Mn(acac), re-
sulted in MnO NPs rather than Mn, 05 is in contrast to what has previously been reported
[321]]. However, this discrepancy was not further investigated. Mg (OC»Hs), dissolved
in acetophenone resulted in Mg (OH ), NPs as was confirmed with XRD (ICDD PDF No.
01-074-2220) (Figure[5.17).

Similar to iron oxide NPs synthesized in the MW, a tentatively large fraction of ultrasmall
NPs were also found for PEG(5)-nitroDOPA stabilized MnO and Mg (OH ), NPs as can
be seen in Figure [5.18]
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Figure 5.18: TEM micrographs of oxides NPs other than iron oxide synthesized in the MW. (a) MnO
NPs were synthesized starting from Mn (ac), dissolved in benzylalcohol and (b) Mg(OH), NPs were
synthesized from magnesium ethoxide in acetophenone. NPs were heated with the MW to 180 °C and kept
at this temperature for 30 min. They were washed, stabilized with PEG(5)-nitroDOPA and dispersed in
Millipore water before they were air dried on a TEM grid.

5.4 Qil Bath Synthesis

To check the influence of the energy source on the NP size distribution, the precursor
solution, namely Fe (ac), dispersed in benzylalcohol, was prepared identically to those
precursor solutions used for the MW protocols. However, these precursor solutions were
heated in the oil bath instead of the MW. Because the MW is known to greatly accelerate
NP formation and growth [396] NPs synthesized in the oil bath were grown for consider-
ably longer times than those in the MW. Studies on iron oxide NPs grown in the oil bath
focused on the influence of temperature and synthesis time on the NP size distribution.

As can be seen in Figure[5.19] PEG(5)-nitroDOPA stabilized iron oxide NPs grown in the
oil bath also spanned 3.5 um holes. However, the density of large cores was significantly
higher compared to NPs synthesized in the MW. Furthermore, no ultrasmall NPs could be

detected inside these hole spanning films, in stark contrast to NPs synthesized in the MW.

5.4.1 Influence of the Reaction Temperature

NP morphology became more spherical with increasing synthesis temperature. However,

while NPs synthesized at temperatures < 180 °C were single domain (Figure [5.21)), some
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Figure 5.19: TEM images of iron oxide NPs synthesized in the oil bath. Iron oxide NPs were synthesized
from Fe (ac), dissolved in benzylalcohol. They were heated to 180 °C in the oil bath where they were
grown for 24 h. As-synthesized NPs were stabilized with PEG(5)-nitroDOPA, dispersed in Millipore water
and air-dried on a carbon film supported on Cu-grid where the carbon film had 3.5 um diameter holes. The
3.5 um holes were spanned with a monolayer of PEG(5)-nitroDOPA stabilized NPs as can be seen on the
images taken at the same place with different magnifications. However, in contrast to iron oxide NPs grown
in the MW, no ultrasmall NPs could be seen even at 100’000 x magnification (image d).

Table 5.2: Comparison of iron oxide core radii obtained by different techniques.

technique | rygg 180 °C | 5139 180 °C | r150 150 °C | 5150 150 °C
cores (nm) | cores (rjgp) | cores (nm) | cores (r50)

SAXS 5.6 0.3 2.4 0.3

XRD 6.7 3.1

TEM 5.0 2.2
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Figure 5.20: TEM micrographs of of Fez04 NPs synthesized in the oil bath as a function of the synthesis
temperature. NPs were grown from Fe (ac), dispersed in benzylalcohol in the oil bath at (a), (b) 140
°C, (c), (d) 160 °C, (e), () 180 °C for 24 h. They were washed, stabilized with PEG(5)-nitroDOPA and re-
dispersed in Millipore water before they were air dried on a carbon coated Cu TEM grid. While the synthesis
conducted at 140 °C yielded exclusively ultrasmall NPs that were only seen at 100’000 x magnification (b)
but not at 40’000 x magnification (a) NPs grown at 160 °C were considerably larger and could already be
detected at a magnification of 40’000 x (e). However, especially the NPs grown at 140 °C and 160 °C could
only be detected within the spanning membranes. If they were adsorbed on a carbon film, the contrast from
the carbon film was too big to allow for detection of these NP.

of the NPs synthesized at 180 °C were multi-domain NPs (Figure [5.22)).

Furthermore, NPs grown at 140 °C for 24 h had a core radius similar to what was seen
for MW synthesized ultrasmall NPs. However, in contrast to NPs synthesized in the MW,
NPs synthesized in the oil bath had a monomodal core size distribution (Figure[5.20). The
core radius increased with increasing temperature up to ~ 5 nm for NPs grown at 180 °C
as demonstrated with TEM and SAXS (Figures [5.20p, [5.21] [5.23] [5.26| and Table[5.2)).
Core sizes were additionally evaluated on PEG(5)-nitroDOPA stabilized NPs with SAXS.

To, see whether SAXS scattering is limited to the scattering of individual NPs (form

factor) or if it is convoluted by scattering contributions from the structure factor, PEG(5)-
nitroDOPA stabilized iron oxide cores were measured at different concentrations. Despite
the low NP concentrations, NP interactions that lead to a structure factor # 1. Therefore,

the structure factor still contributed to the scattering curves of 5 nm core radius NPs as
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Figure 5.21: HRTEM and TEM micrographs of iron oxide NPs mainly used in this thesis. Based on the
results shown in Figurethree different NP core sizes were mainly used. NPs synthesized at (a), (b) 150
°C, (c), (d) 165°C and (e), (f) 180 °C. While the NPs synthesized at 150 °C and 165 °C were single domain
NPs, some of the NPs synthesized at 180 °C were multidomain (Figure [5.22).

Figure 5.22: HRTEM of Fe304 NPs synthesized at 180 °C for 24 h. HRTEM of an Fe304 NP stabilized
with PEG(5)-nitroDOPA air-dried on a carbon film supported TEM grid. While most of these NPs were
single domain as seen in Figure[5.21} some consisted of two domains.
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number of NPs

Figure 5.23: Size distribution of iron oxide NPs synthesized in the oil bath for 24 h. The size distribution
of iron oxide NPs grown for 24 h at 150 °C (-@-), 165 °C (-A-) and 180 °C (-m-) was evaluated based
on TEM micrographs. Size analysis was done on 16’000, 14’000 and 20’000 NPs respectively. If these
size distributions were fitted with a Gaussian curve, their average radii were 2.1 nm, 3.4 nm and 4.5 nm
while the standard deviations were 0.7 nm, 1.1 nm and 1.9 nm for NPs synthesized at 150 °C and 180 °C
respectively.
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Figure 5.24: SAXS of PEG(5)-nitroDOPA 5 nm core radius iron oxide NPs synthesized in the oil bath.
(a) PEG(5)-nitroDOPA stabilized iron oxide NPs were dispersed in Millipore water at a concentration of
2.5 vol% (green), 0.5 vol% (black), 0.1 vol% (blue) and 0.02 vol% (red) where the vol% corresponds to
the hydrodynamic volume of the NPs. Spectra were corrected for background scattering by subtracting
the water spectrum. (b) Spectra shown in (a) were divided by the SAXS spectrum measured on 0.02
vol% NP. They revealed a structure factor indicating that NPs interacted with each other at the measured
concentrations.
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Figure 5.25: SAXS of PEG(5)-nitroDOPA 2.5 nm core radius iron oxide NPs synthesized in the oil bath.
(a) PEG(5)-nitroDOPA stabilized iron oxide NPs were dispersed in Millipore water at a concentration of
1 vol% (green), 0.5 vol% (black) and 0.1 vol% (blue) where the vol% corresponds to the hydrodynamic
volume of the NPs. Spectra were corrected for background scattering by subtracting the water spectrum.
(b) Spectra shown in (a) were divided by the SAXS spectrum measured on 0.1 vol% NP. They indicate
that NPs did not interact with each other as can be seen by the absence of a contribution from the structure
factor.
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Figure 5.26: SAXS measurements on PEG(5)-nitroDOPA stabilized iron oxide NPs synthesized in the oil
bath. SAXS measurements were performed on PEG(5)-nitroDOPA stabilized iron oxide NPs synthesized
in the oil bath for 24 h at 180 °C (black) and 150 °C (red). Stabilized iron oxide NPs were dispersed in
Millipore water at a concentration of 0.1 vol%. The best fits assuming a lognormal distribution are shown
in blue. According to these fits, NPs synthesized at 180 °C and 150 °C have a mean radius of 4 nm and 2.5
nm with a size distribution s of 0.2 respectively.
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can be seen in Figure [5.24p. The structure factor peaked at a ¢g-value corresponding to ~
40 nm which is slightly larger than twice the hydrodynamic radius measured for PEG(5)-
nitroDOPA stabilized 5 nm cores radius NPs of 14 + 3 nm. The decrease of the SAXS
curves at low g-values hints to a repulsive interparticle potential. No contribution from a
structure factor could be measured for PEG(5)-nitroDOPA stabilized 2.5 nm core radius
NPs (Figure [5.25b).

SAXS data were fitted assuming a lognormal core size distribution. Additionally, the
structure factor of 5 nm core radius iron oxide NPs was assumed to have a square well
potential form with a repulsive energy of 3.8 kT (Figure [5.26). As was shown in Fig-
ure [5.25] no structure factor contribution had to be taken into account for fitting SAXS
data of PEG(5)-nitroDOPA stabilized 2.5 nm core radius iron oxide NPs. The resulting
mean core radii are summarized in Table

SAXS core radii obtained from fitting results shown in Figure [5.26] were in good agree-
ment with values obtained from analyzing TEM data (Table[5.2). The considerably larger
core radii obtained by XRD compared to values obtained from SAXS and TEM measure-
ments (Table might be related to the fact, that NPs were measured at different stages
during the NP stabilization process. XRD was performed on unstabilized NPs. Stabi-
lization might alter the core size distribution. According to equation[I.5] smaller NPs are
easier to stabilize if a dispersant with a sufficiently high M,, such as PEG(5)-nitroDOPA is
used. It is therefore possible, that the larger NPs sedimented during centrifugation due to
lower NP stability and larger gravity and were thus excluded from the analysis. The good
agreement between core sizes obtained by TEM and SAXS - despite that TEM yields
number weighted averages (which scale with r) and SAXS yields intensity weighted av-

erages (which scale with r°) - indicates that the core size distribution is relatively low.

5.4.2 Influence of the Reaction Time

The growth of iron oxide NPs synthesized from Fe (ac), in benzylalcohol at 180 °C was
followed by taking fractions of the synthesis dispersion at different time points. As can
be seen in Figure the mean NP size steadily increased up to NPs synthesized for
24 h. Longer synthesis times were not investigated. However, differences in the mean
size between NPs grown for 8 h and those grown for 24 h were significantly smaller
compared to the difference in the mean core size of NPs grown for 6 h and 8 h. This
indicates that the NP growth rate decreased after 8 h. Furthermore, the concentration

of large cores in the spanning membranes increased with increasing synthesis time as
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Figure 5.27: TEM images of FezO4 NPs synthesized in the oil bath at 180 °C as a function of the reaction
time. Fe (ac), dispersed in benzylalcohol was grown to iron oxide NPs in the oil bath at 180 °C for (a), (b)
1 h, (c), (d) 4 h, (e), (f) 8 h and (g), (h) 24 h. They were stabilized with PEG(5)-nitroDOPA, re-dispersed in
Millipore water and air dried on a carbon coated Cu TEM grid.

indicated by TEM images (Figure [5.27). These TEM images could be misleading for
judging the concentration of NPs because of size dependent NP segregation. To minimize
such bias, all samples were prepared identically. Thus, differences seen on these TEM
images should not only be assigned to segregation effects. More likely, differences in
concentrations of large cores were related to the fact that fractions taken after 1 h and 4 h
synthesis still contained ultrasmall NPs as can be seen on the TEM images taken with a
100’000 x magnification (Figure [5.27pb and d). These ultrasmall NPs were not visible at
lower magnifications and made the NP concentration appear low (Figure [5.27a-d). Only
very few if any of these ultrasmall NPs were visible in batches where NPs were grown at
180 °C for 24 h (Figure[5.27h).

Similar trends were observed for NPs synthesized at 160 °C (Figure [5.28). However,
compared to NPs grown at 180 °C which reached core radii of ~ 5 nm within 24 h, those
grown at 160 °C had to be grown for ~ 4 days until similar core radii were obtained.
Because crystal growth is a thermally activated process, that can be described with an
Arrhenius equation [423]], it was expected that NPs grow slower at 160 °C than at 180 °C.
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Figure 5.28: TEM images of Fe3O4 NPs synthesized in the oil bath at 160 °C as a function of synthesis
time. Fe(ac), dispersed in benzylalcohol was heated in the oil bath to 160 °C for (a), (b) 24 h and (c), (d)
4 d. They were stabilized with PEG(5)-nitroDOPA and re-dispersed in Millipore water before they were air
dried on a carbon coated Cu TEM grid.
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Figure 5.29: TEM images of iron oxide NPs synthesized from two different precursors. (a)-(d) Fe (ac),
and (e)-(h) Fe (acac); was dispersed in benzylalcohol and heated for 1 h to 140 °C before the temperature
was raised to (a), (b) and (e), (f) 160 °C and (c), (d) and (g), (h) 180 °C where the NPs were grown for 4 h
before they were stabilized with PEG(5)-nitroDOPA and re-dispersed in Millipore water and air dried on a
carbon coated Cu TEM grid.

5.4.3 Influence of the Temperature Ramping Procedure

Because Fe(ac), is not well soluble in benzylalcohol at room temperature, the precur-
sor/benzylalcohol dispersion was magnetically stirred at 70 °C for 1 h before the tem-
perature was raised. This procedure was previously suggested to decrease the NP core
size distribution [321]]. The onset of NP growth could visually easily be followed by the
color change from a brown precursor/benzylalcohol dispersion to a black iron oxide NP
dispersion.

However, if benzylalcohol based Fe (ac), or Fe (acac), dispersions were kept at 140 °C
for 1 h before they were heated to 180 °C to grow NPs, a bimodal NP size distribution
was observed after growing NPs for 4 h (Figure [5.29)b, d, f and h). This indicates that
ultrasmall NPs serving as nuclei were efficiently formed at 140 °C, however, the system

did not reach equilibrium after 4 h reaction time.
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Table 5.3: Saturation magnetizations of uncoated FezO4 NPs synthesized with the non-aqueous sol-gel
method.
heating method during synthesis \ Feore (NM) \ M; (emu/gr,,0,) ‘

MW 4.0 16.3
MW 7.0 44.4
oil bath 2.5 43.5
oil bath 5 47.5

5.5 Magnetic Properties of Iron Oxide Nanoparticles

5.5.1 Saturation Magnetization of Iron Oxide Nanoparticles

Most of the applications of iron oxide NPs make use of their magnetic properties. One es-
sential parameter that describes magnetic properties of a material is its saturation magne-
tization (Mj). The higher the M; of NPs is, the easier they can be magnetically separated
and ferried to desired locations. Furthermore, a high M, of NPs locally induces higher
magnetic field gradients if dispersed in solutions and subjected to an external homoge-
neous magnetic field. These magnetic field perturbations are responsible for changed
relaxivities r, measured in MRI. Thus, the higher the NP M, the more effective are MR
contrast agents. M, of iron oxide NPs was thus measured with VSM as described in sec-
tion 4311

The M; of uncoated 2.5 nm core radius NPs synthesized in the oil bath was 8% below the
M of 5 nm core radius NPs (Figure[5.30|and Table[5.3)). Furthermore, the M, of NPs with
core radii of » 4 - 5 nm was almost three times lower if they were synthesized in the MW
compared to those synthesized in the oil bath (Table[5.3|and Figure [7.22)). The low M, of
iron oxide NPs synthesized in the MW likely is related to the large fraction of ultrasmall
NPs. Because of their minuscule size, ultrasmall NPs hardly contribute to the overall M;
(34, 421].

As described in chapter [T} the M; of superparamagnetic NPs is considerably below that of
the respective bulk material [35]. Furthermore, well in agreement with literature [33]134],
the M; of NPs measured in this thesis decreased with decreasing iron oxide core radius
irrespective whether NPs were synthesized in the oil bath or MW. The decrease in M, with
decreasing NP size might be related to surface anisotropy effects [36] that become more
pronounced with decreasing core radius due to an increased surface : volume ratio. Such

surface effects will be discussed in more details in chapter[7]
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Figure 5.30: Magnetization of iron oxide NPs synthesized in the oil bath measured with VSM. Tron oxide
NPs synthesized in the oil bath for 24 h at 150 °C (-@-) and 180 °C (-m-) were superparamagnetic. However,
the M, of the smaller, 2.5 nm core radius NPs synthesized at 150 °C was 8% below that of 5 nm core radius
NPs synthesized at 180 °C.

Magnetic Neutron Scattering

As a result of the monomodal core size distribution and the higher M; of iron oxide NPs
synthesized in the oil bath compared to those synthesized in the MW, the former NPs
yielded anisotropic SANS scattering patterns if analyzed with polarized neutrons as can
be seen in Figures and The magnetic scattering of 2.5 nm core radius NPs,
seen as anisotropic 2D scattering pattern in Figures [5.31 and [5.32a and d and a non-
zero difference spectra in Figures [5.3Tc and [5.32k and [5.32f was considerably weaker
compared to the 5 nm cores. Furthermore, PEG(1.5)-nitroDOPA stabilized 2.5 nm core

radius NPs showed a more pronounced anisotropic 2D scattering pattern compared to
that of PEG(5)-nitroDOPA stabilized 2.5 nm cores. Scattering technique are sensitive to
the vol% rather than the number of scatterers. Therefore, the total vol% NPs was kept
constant at 5 vol%. However, as will be shown in chapter (8] the dispersant layer thickness
decreases with decreasing PEG molecular weight. Therefore, the core concentration of
2.5 nm core radius NPs stabilized with PEG(5)-nitroDOPA was with ~ 0.02 vol% more
than two times lower compared to that of PEG(1.5)-nitroDOPA stabilized 2.5 nm core
radii analogues (~ 0.05 vol%).

The weaker magnetic scattering of the PEG(1.5)-nitroDOPA stabilized 2.5 nm core radius
NPs compared to PEG(5)-nitroDOPA stabilized 5 nm core radius NPs likely is related
to the lower vol% of cores and the lower M; of the former NPs (Table [5.3). However,
especially the difference in the magnetic scattering of 2.5 nm core radius NPs stabilized
with PEG(5)-nitroDOPA and PEG(1.5)-nitroDOPA respectively (cf. Figure and f)

illustrates the importance of the core concentration on the magnetic scattering measured
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Figure 5.31: 2D SANS data of PEG(5)-nitroDOPA stabilized 5 nm core radius iron oxide NPs synthesized
in the oil bath. PEG(5)-nitroDOPA stabilized 5 nm core radius iron oxide NPs were analyzed with polarized
neutrons similar to PEG(5)-nitroDOPA stabilized iron oxide NPs which were synthesized in the MW (Fig-
ure[5.14). PEG(5)-nitroDOPA stabilized iron oxide NPs were dispersed in D, O at a total concentration of 5
vol% yielding a core concentrations of 0.3 vol%. Neutrons were polarized (a) parallel and (b) antiparallel to

the static magnetic field. (c) The resulting anisotropic difference spectra, that shows a sin (‘I‘)2 dependence,
can be attributed to magnetic scattering caused by the Fe30y4 cores.

with polarized neutrons. Thus, the core concentration of 4 nm core radius iron oxide NPs
synthesized in the MW was, because of the predominance of ultrasmall NPs, likely too

low to yield magnetic scattering (Figure [5.7).

5.5.2 SAR of Iron Oxide Nanoparticles Synthesized in the Oil Bath

The specific adsorption rate (SAR) determines how effectively NPs generate heat if they
are exposed to an alternating magnetic field (AMF). This is of paramount importance if
such NPs are to be used as antennas in hyperthermia treatment or to actuate thermorespon-
sive materials. Therefore, SAR values of NPs synthesized in the oil bath were measured
as described in section 4.3.3]

The SAR values measured for PEG(5)-nitroDOPA stabilized Fe304 NPs are in the range
of reported values for iron oxide NPs of comparable size 364]]. According to Fig-
ure Fe304 NPs investigated in this thesis are superparamagnetic. Thus, the SAR

of NPs in an AMF field can be attributed to Néels and eventually Brownian relaxation

[27, [424].

Dependence of the SAR on the Core Size

As can be seen in Figure [5.33] the SAR of 2.5 nm radius Fe304 NPs was considerably

smaller than that of 4 nm and 5 nm core radius Fe304 NPs respectively. However, the
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Figure 5.32: 2D SANS data of PEG-nitroDOPA stabilized 2.5 nm core radius iron oxide NPs. SANS was
measured on 2.5 nm core radius iron oxide NPs synthesized in the oil bath and stabilized with PEG(1.5)-
nitroDOPA (a-c) and PEG(5)-nitroDOPA (d-f) dispersed in D,O with polarized neutrons. Neutrons were
polarized parallel (a, d) and antiparallel (b, e) to the external magnetic field. (c) and (f) are the resulting
difference spectra. The difference spectra show a weak sin (‘I—‘)2 dependence that can be attributed to mag-
netic scattering caused by the Fe304 cores. The total volume percentage of the samples was kept constant
at 5 vol%. Because PEG(1.5)-nitroDOPA yields in a lower brush thickness, and thus the core volume per-
centage is higher for PEG(1.5)-nitroDOPA stabilized NPs (» 0.05 vol%), their scattering pattern was more
anisotropic compared to that of PEG(5)-nitroDOPA stabilized NPs (core concentration ~ 0.02 vol%). This
illustrates the influence of core concentration on the magnetic scattering. The color code indicates how
strongly neutrons were scattered and is given in a logharithmic scale.

SAR did not increase with increasing core radius but peaked for 4 nm core radius NPs.
That the SAR has a maximum at an optimum core size is well known from literature
425]]. According to equation the SAR for small NPs is o< M2V . Because M;
increases with increasing NP core radius (Figure[5.30), the SAR increases accordingly. If
NPs become ferromagnetic, hysteresis losses are the predominate heat source. Hysteresis
losses are proportional to the corecitive field B, (Figure[I.2)). They are caused by domain
wall (so-called Bloch wall) motions. It was shown that B, o< r® for NPs < . For these
NPs, Bloch wall motions are hindered due to pinning effects at the NP surface. However,
if NPs are > r¢, pinning effects become smaller with increasing NP size. In the latter
case, B, is o< r~1. Therefore B, and the SAR peak at a NP size of ry;. 7erit for Fe304 NPs
was calculated to be 13.5 nm [27].

However, experimental results on unstabilized, agglomerated NPs yielded a maximum in
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Figure 5.33: SAR measurements of PEG(5)-nitroDOPA stabilized Fe304 NPs synthesized in the oil bath.
(a) SAR measurements performed at room temperature and frequencies between 2.3 x 10° and 2.4 x 10° Hz.
Fe304 NPs with core radii of 2.5 nm (m), 4 nm (@) and 5 nm (A) were stabilized with PEG(5)-nitroDOPA
and dispersed in water (filled symbols) and embedded in agarose (empty symbols). While NPs dispersed in
water can heat through Néels and Brownian relaxation if subjected to an AMF, NPs embedded in agarose
can generate heat only through Néels relaxation. (b) The difference of SAR values measured in water and
agarose respectively are shown as a function of the applied magnetic field. They can be assigned to losses
caused by Brownian relaxations.

SAR at a core radius of 23 nm [27]]. The SAR of iron oxide NPs surface modified with
Pluronics peaked at a NP radius of 7 nm [425]]. The maximum SAR obtained in this thesis
was measured on 4 nm core radius NPs (Figure [5.33)). The large differences in NP sizes
where the SAR peaked might be attributed to differences in NP stability.

Néels vs. Brownian SAR Contributions

No significant difference in the SAR of 2.5 nm core radius NPs was measured whether
they were dispersed in water or embedded in agarose (Figure [5.33)). It strongly suggests,
that the SAR of these NPs is almost exclusively related to Néels relaxations. This is in
contrast to Fe304 NPs that had a core radius of 4 nm and 5 nm. The SAR of the latter NPs
was significantly higher if they were stabilized with PEG(5)-nitroDOPA and dispersed in
water compared to being embedded in agarose. The difference in SAR of NPs dispersed in
water and embedded in agarose (ASAR) can be attributed to contributions from Brownian
relaxation. 4 nm core radius NPs, that had the highest SAR values, also had the highest
ASAR values (Figure[5.33p).

However, well in agreement with literature reports on Néels and Brownian contributions
for NPs of similar sizes [43]], Néels relaxation was the main contribution to the SAR for

all investigated core radii. This is especially beneficial for applications where FezO4 are
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used as antennas to locally deliver heat to actuate smart materials or treat diseases. For
these applications, NPs ideally are immobilized in materials or firmly bound to desired
sites. Thus, NP rotation, leading to Brownian relaxation losses, is hampered or might
even be destructive to the scaffold material in question. The SAR of such immobilized

superparamagnetic NPs should thus mainly rely on Néels relaxation contributions.

5.6 Discussion

Iron oxide NPs synthesized by aqueous precipitation had a broad core size distribution
that was difficult to control. The core size of iron oxide NPs synthesized by the non-
aqueous sol-gel method could be controlled by adjusting the synthesis temperature and
time. However, NPs synthesized in the MW had a bimodal core size distribution where
the fraction of ultrasmall NPs vastly dominated the fraction of larger cores. In contrast,
iron oxide cores synthesized in the oil bath were monomodally distributed.

Because the surface area of ultrasmall NPs seen especially in batches synthesized in the
MW completely dominates the total surface area, the bimodal core size distribution not
only influences magnetic properties and scattering results as exemplified with SANS and
SAXS measurements, but the strongly increased surface area severely influences NP char-
acterization in general. It is also questionable whether the relative ratio between ultrasmall
and larger cores is reproducible. This ratio is expected to change if synthesis conditions
such as synthesis time are changed. Moreover, even if both NP size fractions are well
stabilized by adding high amounts of dispersants, the influence of ultrasmall NPs on NP
stability (e.g. through depletion effects) is unknown and has to be investigated separately.
Although it would be interesting to study the influence of ultrasmall core-shell NPs on
the stability of larger core-shell NPs, a better understanding of core-shell NPs that have
a defined monomodal size distribution e.g. as a function of the dispersant anchor, layer
thickness and packing density is required before more complex e.g. bimodal core size
distributions can be understood in detail. Additionally, most of the applications aim for
maximal magnetization of NPs, which is, as shown with SANS experiments, severely
reduced by the presence of ultrasmall NPs. Thus, it is highly desirable for this work to

synthesize monomodally distributed NPs.
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Figure 5.34: Reaction mechanism of Fe (acac), with benzylalcohol. The suggested reaction mechanism
for the non-aqueous synthesis iron oxide NPs starting from Fe (acac), dissolved in benzylalcohol under
inert atmosphere [394]].

5.6.1 Influence of Organic Reactions on the Presence of Ultrasmall

Nanoparticles

The non-aqueous sol-gel NP synthesis relies on organic reactions between precursors and
solvents. Such organic reactions involved in the iron oxide NP formation have been re-
ported for the most abundantly used precursor, namely Fe (acac),, if dispersed e.g. in
pyrrolidone [426] and benzylalcohol [394].

If Fe(acac); is dispersed in pyrrolidone, it is thought that 1/3 of the Fe3* ions of
Fe(acac) are reduced through thermal decomposition of pyrrolidone under the forma-
tion of carbon monoxide yielding Fe3;O4 NPs [426]].

However, the yield of stable iron oxide NPs synthesized from Fe (acac); and surface
modified with PEG(5)-nitroDOPA was considerably lower than that of NPs synthesized
from Fe(ac), counterparts which were identically surface modified. As will be shown
in chapter [/, PEG(5)-nitroDOPA binds primarily to surface bound Fe(II). The fact that
iron oxide NPs synthesized from Fe (acac); could not be well stabilized with PEG(5)-

nitroDOPA might indicate that the oxidation of Fe3* ions during the synthesis was in-
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Figure 5.35: Reaction mechanism of Zn(ac), with benzylalcohol. This scheme suggests a reaction mech-
anism for the non-aqueous synthesis of ZnO NPs starting from Zn (ac), dissolved in benzylalcohol under
inert atmosphere [396]. A similar reaction mechanism might also apply to iron oxide NP formation if
synthesized from Fe (ac),.

complete.

If Fe(acac) is dispersed in benzylalcohol, it is thought to react with benzylalcohol ac-
cording to Figure[5.34] Benzylalcohol nucleophilically attacks one of the carbonyl groups
of acetylacetonate leading to alcoholysis. In a following ligand exchange reaction, benzyl
alcohol coordinates the Fe center followed by the release of benzyl acetate. The coor-
dinated benzyl alkoxide is attacked by the enolate resulting in a release of 4-phenyl-3-
butene-2-one. The Fe bound hydroxy group can bind another Fe center resulting in small
clusters that serve as nuclei. If Fe304 NPs are synthesized from Fe (acac)5, one third of
the Fe3* centers of Fe (acac), are reduced to Fe?* during the synthesis. It is suggested
that 4-phenyl-3-butene-2-one is oxidized to 4-phenyl-2-butanone while two iron centers
are reduced [394].

In contrast, the reaction of Fe(ac), in benzylalcohol is, to the best of our knowledge,
unpublished. However, a reaction mechanism for the formation of ZnO starting from
Zn(ac), in benzylalcohol has been described (Figure [396]. A similar reaction
mechanism might apply to the synthesis of iron oxide NPs from Fe (ac), in benzylalco-
hol. During the NP synthesis, 2/3 of the Fe2* ions have to be oxidized to obtain Fe304
NPs. However, Fe?* readily oxidizes to Fe3* if traces of O, are present. Thus, this oxida-
tion might occur spontaneously without the addition of oxidation agents as the resulting
NPs clearly have a spinel structure (Figure |5.7)) and present Fe(II) ions at the surface, as

well be shown in chapter Thus, NPs synthesized from Fe (ac), consist of Fe30y.
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Influence of Reaction Temperature on Nanoparticle Size

Because NP growth is a thermally activated process, NP size is known to increase with
synthesis temperature and time [397, 399, 427]. This is in good agreement with our
findings for NPs grown in the oil bath (Figure and for the increased size for the
fraction of larger NPs grown in the MW (Figure [5.4).

Nanoparticle Morphology

The morphology of iron oxide NPs was found to depend on the precursor irrespective
whether they were heated in the MW or in the oil bath. Iron oxide NPs synthesized
from Fe (ac), in benzylalcohol were closer to spheres compared to NPs synthesized from
Fe(acac), (Figure and . However, the majority of the reported non-aqueous
synthesis routes start from Fe (acac); and result in nicely shaped iron oxide NPs [393].
This is likely related to the fact, that no oleic acid was added to the precursor dispersion
during the synthesis of Fe304 NPs in this thesis. Because one of the primary aims of this
thesis was to study the influence of anchor groups on the NP stability, synthesis protocols
that do not rely on capping agents were preferred. Consequently, the effect of oleic acid
on the NP size and size distribution was not further investigated.

The ill-defined shape of iron oxide NPs synthesized from Fe (acac), in benzylalcohol is
also related to the type of solvent used during synthesis. NPs synthesized from Fe (acac),
were more spherical compared to those synthesized from Fe (ac), if pyrrolidone was used
instead of benzylalcohol. This is likely due to the known high affinity of pyrrolidone to
Fe3* which makes pyrrolidone a capping agent similar to oleic acid. Capping agents
are known to result in a more spherical NP morphology and a greatly reduced NP size
distribution [393]].

Nanoparticle Size Distribution

Despite that the synthesis of oxide NPs from Fe (ac), and Fe (acac), involves different
organic reactions and influences the morphology of NPs, ultrasmall NPs were seen in
batches synthesized in the MW irrespective whether they were formed from Fe (ac), or
Fe(acac), and for batches synthesized in benzylalcohol or pyrrolidone. However, ultra-
small NPs were not always seen for iron oxide NP batches synthesized in the oil bath.

Thus, it is unlikely, that these ultrasmall NPs are directly related to the organic reactions
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involved in the NP formation. Furthermore, that ultrasmall NPs were also seen in batches
of PEG(5)-nitroDOPA stabilized MnO and Mg (OH ), NPs synthesized in the MW indi-
cates that the observed bimodal size distribution is not restricted to iron oxide.

All NPs investigated were stabilized with PEG(5)-nitroDOPA. NPs had to be stabilized
because ultrasmall NPs could only be detected with TEM if they were embedded in span-
ning films formed by PEG(5)-nitroDOPA. However, we believe that formation of ultra-
small NPs is not a result of the NP stabilization process, because ultrasmall NPs were
absent in batches synthesized in the oil bath from Fe (ac), in benzylalcohol for 24 h at T
> 140 °C. Hence, their presence must be related to the synthesis procedure.

It has been shown that the precursor concentration in a supersaturated solution influences
rerie Of nuclei above which they start to grow. Thus, the precursor concentration influ-
ences the final NP size if the system is in equilibrium [416} 423] 428]]. If the precursor
concentration is decreased, the iron ion concentration in solution should decrease which
would lead to slower nucleation and growth. However, if the solution gets depleted of
iron ions, NPs smaller than the critical radius should dissolve to feed the growth of larger
cores. Thus, less ultrasmall NPs would be expected to form at low precursor concentra-
tion. This, however, was not observed experimentally for NPs synthesized in the MW. All
batches of NPs synthesized in the MW contained ultrasmall NPs irrespective of the pre-
cursor concentration (Figure a and b). Thus, NPs grown in the MW for maximally 1
h are unlikely to be in a thermodynamic equilibrium.

If the synthesis time is sufficiently long, oxide NPs grow by Ostwald ripening. Ostwald
ripening describes an equilibrium situation, where NPs with radii () smaller than a crit-
ical value (r.;) are dissolved to feed the growth of NPs with r > r.,;;. The large surface
curvature and the high surface : volume ratio of ultrasmall NPs renders them thermo-
dynamically unstable resulting in their dissolution [428],1429]. The dissolved atoms then
drive growth of NPs with r > r.; [423] 1428-431]. Thus, in equilibrium, NPs have a

monomodal, ideally monodisperse size distribution where all NPs are larger than r,,;;.

Reaction Kinetics

The presence of ultrasmall NPs in all investigated NP systems synthesized in the MW and
the fact that ultrasmall NPs were seen irrespective of the precursor concentration indicate,
that those systems are not in a thermodynamic equilibrium. The MW synthesis route has
been reported to massively increase reaction kinetics compared to conventional synthesis

routes [396]. This increased reaction kinetics combined with the shortened synthesis time
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might not allow the system to reach a thermodynamic equilibrium.

Ester elimination is one of the organic reactions responsible for nucleation and NP growth
of ZnO NPs starting from benzylalcohol based Zn (ac), dispersions. This reaction has
been reported to be more than 10 times faster in the MW compared to dispersions heated
in the oil bath. Furthermore, NP growth was almost 3 times faster if NPs were synthesized
in the MW compared to oil bath synthesized counterparts [396]. Because nucleation is 10
times more accelerated and NP growth only 3 times if the synthesis is performed in the
MW rather than in the oil bath, the ratio of nuclei : growing NPs is likely to be higher for
batches synthesized with the former process, resulting in excessive nuclei with r < r¢;.
NPs synthesized in the oil bath, where nuclei were formed at 140 °C and NPs were sub-
sequently grown at 180 °C, showed a bimodal core size distribution which evidenced that
Ostwald ripening was not completed after 4 h. In analogy, Ostwald ripening might not be
completed for NPs synthesized in the MW for 30 min - 1 h considering that NP growth is
3 times faster in the MW compared to conventional methods like oil bath heating [396]].
Furthermore, NPs synthesized in the MW for 30 min had a considerably higher M com-
pared to those synthesized for 3 min. This might indicate that the fraction of ultrasmall
NPs, that have a very small magnetic moment [15], decreases with increasing synthe-
sis time. Thus, the size distribution of NPs grown in the MW is expected to become

monomodal if NPs were grown considerably longer than 1 h.

5.6.2 Characterization of the Size and Size Distribution of Nanopar-

ticles

Core sizes quantified with different characterization methods cannot directly be compared
to each other. While scattering techniques such as SANS, SAXS and DLS yield intensity
weighted averages (o< %), XRD results in volume weighted (o< 73) and TEM in number
weighted (o< r1) core sizes. Especially if the core size distribution is broad or bimodal,
different weightings result in different mean values.

Furthermore, certain techniques have poor sensitivities towards a certain size fraction and
all techniques have detection limits. Because of the limited lattice planes ultrasmall NPs
have, these NPs could not be detected with diffraction techniques such as XRD or ana-
lyzed in the reciprocal space with TEM. Furthermore, because contrast in TEM increases
with sample thickness, larger NPs are easier to visualize compared to ultrasmall, indi-
vidually stabilized NPs. Because of the constraints and limits of each characterization

technique, a combination of different, complementary techniques is required to properly
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characterize NP sizes. Only if results obtained with the different characterization tech-
niques agree with each other, is the system well characterized. Especially if techniques
used to characterize NP sizes are sensitive towards different sizes (e.g. TEM which yields
number weighted and SAXS providing intensity weighted averages) are in agreement
with each other, it can be assumed that the whole system and not only a fraction thereof

is characterized.

5.7 Summary

The composition and average size of iron oxide cores determine their M and SAR values.
This is particularly important for applications. However, for more fundamental studies
such as investigations of the influence of the dispersant layer thickness and packing den-
sity on NP stability, a monomodal, ideally narrow core size distribution and close control
over the NP composition are crucial. Therefore, the NP core synthesis, that determines
the mean core size, its distribution and composition, is crucial both for scientific investi-
gations and industrial applications.

While aqueous precipitation methods result in a rather broad core size distribution, non-
aqueous sol-gel methods generally allow close control over the mean core size and its
distribution. Precursors such as Fe(ac), and Fe(acac); and solvents were shown to
influence NP morphology and the average NP size. However, NPs synthesized in the
MW for less than 1 h were bimodally distributed independent on the precursor, precursor
concentration and solvent used. In batches of iron oxide NPs grown from Fe(ac), in
benzylalcohol for 3 min, the fraction of ultrasmall, 0.9 nm core radius NPs thousandfold
exceeded the fraction of 4 nm core radius NPs. In contrast to the MW assisted NP synthe-
sis, a benzylalcohol based dispersion of Fe(ac), resulted in a monomodal iron oxide core
size distribution if heated in the oil bath for at least 24 h. For the latter synthesis route,
the average core radius could be controlled by adjusting the synthesis temperature.
Ultrasmall NPs greatly increase the surface : mass ratio and make a quantitative char-
acterization of surface related properties difficult. Because this quantification is a main
goal of this thesis, most of the NPs used in this thesis were synthesized from Fe (ac),
dispersed in benzylalcohol and heated in the oil bath. However, ultrasmall NPs present in
batches synthesized in the MW were not detected until SANS and SAXS measurements
on individually stabilized NPs were performed. Only after SANS and SAXS measure-

ments indicated the presence of ultrasmall NPs where TEM sample preparation protocols
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adjusted and optimized so that ultrasmall NPs could be directly visualized with TEM.
Therefore, some parts of this thesis will deal with NPs synthesized in the MW. The fact,
that these ultrasmall NPs were only noticed after NPs could be well sterically stabilized
and therefore characterized with a large range of colloidal size sensitive techniques might
be one of the main reasons why these ultrasmall NPs have not been previously reported
despite that many different people have worked with oxide particles synthesized under

similar conditions in the MW.



CHAPTER 0

Anchors for Steric Stabilization of Iron Oxide Nanoparticles

6.1 Background

As outlined in chapter[I] good NP stability under physiologic conditions combined with a
controlled surface presentation of functionalities are stringent requirements for successful
applications of NPs especially in the biomedical field. This can only be achieved if NPs
are sterically, rather than electrostatically stabilized. An attractive strategy to gain control
over NP stability and interfacial chemistry is to sterically stabilize NPs with low M,,
dispersants. There are two different ways to surface modify NPs with low M,, dispersants:
these dispersants can be grafted from or grafted to the NP surface (Figure [6.1]).

Grafting Dispersants From Surfaces

If dispersants are grafted from the surface, initiators are first firmly immobilized on the
NP surface. After monomers have been added, a chemical reaction is initiated where dis-
persants are grown in situ [1]. While the grafting from strategy can yield high dispersant
packing densities, control over the dispersant layer thickness is comparably difficult due to
a relatively high dispersant polydispersity. Furthermore, because these chains are grown

in situ, there is limited control over the surface functionality of the resulting dispersants

(Figure [6.Th) [432].
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Figure 6.1: Approaches to sterically stabilize NPs using low molecular weight dispersants. (a) If NPs
are stabilized through the "grafting-from" strategy, initiators are immobilized on the NP surface before
monomers (m) are added to the solution and the reaction is initiated. "Grafting-from" strategies are able
to yield higher packing densities. However, the control over the dispersant layer thickness is limited and
the polydispersity of the resulting dispersants high. (b) An alternative route is the "grafting-to"” method
where dispersants (d) are synthesized prior to their adsorption on the NP surface. This allows for close
control over the dispersant layer thickness by controlling the dispersant M,, and configuration and the
surface-presentation of functional groups. The latter can be tuned by co-adsorbing differently function-
alized dispersants.

Grafting Dispersants to Surfaces

The alternative grafting to technique is based on pre-synthesized and characterized mul-
tifunctional dispersants that spontaneously assemble through a suitable anchor to the sur-
face. The advantage of such self-organizing approaches is that they are cost effective,
have a high reproducibility and are easy to up-scale. They are widely used to function-
alize flat (2D) and NP (3D) surfaces [256) 259]]. The grafting density of polymer
brushes assembled on flat surfaces is lower compared to those obtained by grafting poly-
mers from the surface [432]. However, the polymer layer thickness and presentation
of functional groups can easily be tailored by choosing appropriate polymer molecular
weights and architectures. A particular advantage of the grafting to approach (for both
flat and NP surfaces) is the feasibility to tailor the density of one or multiple surface-
presented (bio)ligands by co-adsorbing differently functionalized dispersants in one or

several subsequent assembly steps (Figure[6.1p).
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Anchors

Irrespective whether dispersants are grafted to or from the surface, they have to be firmly
adherent to the NP surface through suitable anchors. Ideally, the binding affinity of an-
chors is not only high enough to strongly bind spacers to uncoated NPs but it should also
be able to replace hydrophobic capping agents such as oleic acid which are often used
to synthesize monodisperse Fe304 NPs [395]]. Naturally, anchors that meet these strin-
gent requirements for coupling dispersants to NPs can perform the same function to graft
non-fouling polymer brushes to planar substrates and to immobilize initiators on a sur-
face to graft polymers from these substrates. Despite its importance and to the best of our
knowledge, no systematic study has been performed on the influence and optimization of
anchors, which determine the binding affinity and adsorption reversibility of dispersants
on iron oxide NP surfaces.

To this end, eight different catechol derivatives and the carboxy group (-COOH), an
anchor often used to stabilize iron oxide NPs in organic solvents e.g. with oleic acid
[433]1434]], were selected to shed light on the design principles for optimized anchors for
dispersants to sterically stabilize iron oxide NPs. To selectively test the influence of the
eight anchors, the latter were covalently linked to a PEG with a molecular weight of 5
kDa (PEG(5)). PEG was chosen because of its good biocompatibility already described
in chapter[I] The choice of the PEG molecular weight is explained in chapter §]

6.2 Effect of Anchor on Nanoparticle Stability

Despite that dopamine and DOPA are often used anchors to sterically stabilize iron oxide
NPs for numerous biomedical applications [267, 435, 436]], successful in vivo applica-
tions of individually stabilized iron oxide NPs using these anchors are scant. This might
partially be related to the stringent requirements such as a high binding affinity and low
reversibility even at elevated temperatures and physiologic salt concentration inflicted
on anchors if applied in biomedical applications. We found a nitro-substituted catechol
derivative anchor which meets these requirements in vitro and vastly outperforms the well
known catechols if used to immobilize low M,, dispersants to iron oxide NP surfaces.
The in vivo performance of nitroDOPA as anchor to sterically stabilize iron oxide NPs
is currently tested in collaborations with the University Hospitals in Aachen and Inns-
bruck. Thus, novel dispersants containing this optimized anchor might allow new, more

advanced applications of such NPs.
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Figure 6.2: Stabilization of iron oxide NPs. (a) Chemical structures of investigated dispersants with a de-
gree of polymerization of n ~ 114 for PEG(5). (b) HRTEM of iron oxide NPs air-dried on a carbon supported
Cu-grid. The hexagonal pattern of the inverse spinel structure of Fe3O4 oriented in the (010) direction is
clearly visible proving the high crystallinity of these NPs. Dispersants with different anchors have been
grafted to as-synthesized iron oxide NPs. (c) Stabilization of iron oxide cores with PEG(5)-dopamine which
adsorbed reversibly (top) and the irreversibly adsorbing PEG(5)-nitroDOPA (bottom). (d) While PEG(5)-
dopamine stabilized NPs agglomerated and thus visibly precipitated (top), PEG(5)-nitroDOPA coated NPs
were stable even after having kept them in HEPES for 20 h at 90 °C (bottom). The initial NP concentration
was 1 mg(iron oxide)/ml. Thus, the color difference between PEG(5)-dopamine and PEG(5)-nitroDOPA
stabilized NP dispersions is a result of the precipitation of PEG(5)-dopamine stabilized NPs.
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Figure 6.3: DLS of PEG(5)-anchor stabilized iron oxide NPs synthesized in the MW. The volume weighted
hydrodynamic radius of iron oxide NPs synthesized by MW heating to 180 °C for 3 min, and stabilized
with PEG(5)-nitroDOPA (-m-), PEG(5)-nitrodopamine (-0-), PEG(5)-DOPA (-@-), PEG(5)-dopamine (-O-
), PEG(5)-hydroxydopamine (--), PEG(5)-mimosine (- A-) and PEG(5)-hydroxypyrridine (-A-) dispersed
in HEPES containing 150 mM NaCl (pH = 7.4) at room temperature shows the influence of the anchor on
NP stability.

6.2.1 Influence of Anchor on Nanoparticle Stability at Elevated Tem-

peratures

The nine different PEG-based dispersants investigated are shown in Figure Among
these anchors, in addition to dopamine [256, 258}, 259], also L-DOPA [267/]] has been re-
ported to lead to good iron oxide NP stability. Carboxy groups are often used as anchors
to synthesize and stabilize iron oxide NPs in organic solvents [395)1433]1434]. In addition,
dopamine and DOPA, and other investigated catechol derivatives chemically differ only
in one carboxy group. Hence, PEG(5)-COOH was included in this study to elucidate the
effect of the carboxy group on the binding of anchors.

Single domain Fe30, cores prepared by the MW assisted non-aqueous sol gel route [321]]
as described in chapters [3] and [5| had a radius of 3 + 0.5 nm and were stabilized with the
different dispersants through a simple grafting to method (Figure [6.2)). As-synthesized
iron oxide NP cores were added to a DMF-based dispersant solution. Dispersants were
adsorbed at 50°C for 24 h before excessive dispersants were removed and DMF was ex-
changed through 24 h dialysis against Millipore water. Stabilized iron oxide NPs were
freeze-dried and re-dispersed in the desired media at appropriate concentrations.
PEG(5)-hydroxypyrone and PEG(5)-COOH stabilized iron oxide NPs did not pass filters
with a cut-off of 200 nm. This demonstrated that these NPs instantaneously agglomerated
to clusters larger than 200 nm in diameter. NP agglomeration was caused by too low an-

chor affinity. Consequently, no reliable DLS could be performed in this case.
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Figure 6.4: Overview TEM micrographs of iron oxide NPs. Iron oxide NPs stabilized with (a) PEG(5)-
nitroDOPA, (b) PEG(5)-nitrodopamine, (c) PEG(5)-mimosine and (d) PEG(5)-DOPA air dried on a 10 nm
thick carbon film supported Cu grid.

The average volume-weighted hydrodynamic radius of iron oxide NPs individually sta-
bilized with PEG(5)-nitroDOPA, PEG(5)-nitrodopamine, PEG(5)-mimosine, PEG(S)-
DOPA, and PEG(5)-hydroxypyridine, respectively, and dispersed in HEPES containing
150 mM NaCl (pH=7.4) at room temperature was 11.5 £ 1 nm whereas that of PEG(5)-
dopamine and PEG(5)-hydroxydopamine stabilized NPs was considerably larger, indicat-
ing superior stability of NPs stabilized with the former dispersants (Figure [6.3). Espe-
cially the hydrodynamic radius of PEG(5)-nitroDOPA and PEG(5)-nitrodopamine stabi-
lized iron oxide NPs dispersed in HEPES at 40°C was considerably lower (11.5 nm) and
the NP size distribution narrower when compared to previously reported PEG(5)-silane
stabilized iron oxide NPs at room temperature (41 nm and 44 nm respectively)
and PEG(3)-dopamine (~ 25 nm) and PEG(6)-dopamine (~ 35 nm) stabilized iron oxide
NPs dispersed in phosphate buffered saline (PBS) [266] despite similar iron oxide core
radii. An average dispersant shell thickness of 8.5 nm was calculated as the difference
between the iron oxide core radius of 3 nm and the hydrodynamic radius of 11.5 nm.

PEG-nitroDOPA stabilized iron oxide NPs could be freeze-dried, stored as a powder for
at least 3 months or alternatively re-dispersed in Millipore water and stored for at least 4
months without noticeable change in particle stability and hydrodynamic radius after re-
dispersing and diluting them in HEPES containing 150 mM NaCl. Stabilized iron oxide
cores dispersed in Millipore water and dried on a carbon supported TEM Cu grid were

clearly separated from each other. Because the dispersant shell is invisible on these TEM
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Figure 6.5: Binding reversibility of dispersants. The binding reversibility of dispersants was measured by
successive filtrations of iron oxide NPs, synthesized in the MW by growing them at 180 °C for 3 min, stabi-
lized with PEG(5)-nitroDOPA (-m-), PEG(5)-nitrodopamine (-0-), PEG(5)-DOPA (-@-), PEG(5)-dopamine
(-0-), PEG(5)-hydroxydopamine (-D-), PEG(5)-mimosine (- A-) and PEG(5)-hydroxypyrridine (-A-). The
system was equilibrated at room temperature for 24 h between every filtration step before the (a) hyrody-
namic radius and (b) normalized count rate of these NPs was measured. Statistics was done on 6 indepen-
dent samples.

image due to poor TEM contrast of PEG especially if adsorbed on a 10 nm thick carbon
support, cores are expected to be separated by the invisible PEG shell. That cores are not
agglomerated even though they were air dried on a carbon supports indicates that these

cores are individually stabilized by a dispersant layer surrounding the iron oxide cores

(Figure [6.4)).

6.2.2 Dispersant Binding Reversibility
Nanoparticle Stability Under Dilute Conditions

The binding reversibility of these dispersants adsorbed on iron oxide NPs was tested by
successive centrifuge filtrations and re-dispersions of HEPES containing 150 mM NaCl
based NP dispersions. Thereby, free dispersants could efficiently be removed with cen-
trifuge filters resulting in NP agglomeration if dispersants were reversibly bound to the NP
surface. However, the same NPs remained stable if dialyzed for 30 days against Millipore
water. This apparent discrepancy is due to hindered diffusion of free dispersants during
dialysis despite that the dialysis tubes had a cut-off of 12-14 kDa, more than twice the M,,
of dispersants investigated here. Therefore, centrifuge filtration is a more suitable method
to remove excessive dispersants and test dispersant binding reversibility compared to dial-

ysis.
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Based on NP stability at elevated temperatures and dispersant binding reversibility, dis-
persants could be grouped into three categories, namely good, intermediate and poor
dispersants. While NPs stabilized using poor (PEG-dopamine, PEG-hydroxydopamine,
PEG-hydroxypyridine, PEG-hydroxypyrone and PEG-carboxyl) and intermediate (PEG-
mimosine and PEG-DOPA) dispersants agglomerated within 0-3 and 5-7 filtrations, re-
spectively, as can be seen in the increase in hydrodynamic radius and an increase fol-
lowed by a decrease in count rates, NPs stabilized with dispersants containing good
(PEG-nitroDOPA and PEG-nitrodopamine) dispersants, remained stable for more than
9 filtrations (Figure [6.5). The derived count rate increased if NPs agglomerate due to
stronger scattering of larger agglomerates (the intensity of scattered light scales with r°
[368]]) before it decreases upon sedimentation of those agglomerates. Because iron oxide
NP suspensions analyzed here had been equilibrated for 24 h after each filtration before
DLS was measured, larger agglomerates could sediment and thus were not analyzed by
DLS any more.

Even though the standard deviations in Figure [6.5p were large, the normalized
derived count rates of PEG(5)-dopamine, PEG(S)-hydroxydopamine and PEG(S)-
hydroxypyridine stabilized iron oxide NPs decreased faster compared to those stabilized
with PEG(5)-nitroDOPA, PEG(5)-nitrodopamine, PEG(5)-DOPA and PEG(5)-mimosine,
well in agreement with the change in hydrodynamic radius that increased more rapidly
for iron oxide NPs stabilized with the former dispersants. The change in count rate is a
very good and sensitive measure of agglomeration and sedimentation reducing the arti-
fact of looking only at the change of the hydrodynamic radius of stable NPs remaining in
solution.

Except of NPs stabilized with PEG(5)-dopamine, PEG(5)-hydroxydopamine and PEG(5)-
hydroxypyrridine, the hydrodynamic radii of stabilized NPs did not change even after NPs
have been filtered 9 times (Figure [6.5p). However, the count rate of PEG(5)-mimosine
stabilized NPs decreased faster compared to those stabilized with PEG(5)-nitroDOPA
(Figure [6.5b). This apparent contradiction can be related to the fact, that only the stable,
not sedimented NP fraction was analyzed with DLS. Thus, if NPs agglomerate to sizes
that sediment within 24 h, the hydrodynamic radius of the dispersed NPs does not change
whereas the count rate decreases. If, however, agglomerates form but are too small to
sediment during 24 h, the count rate increases because it scales with 7. Thus, by compar-
ing changes in count rates and in the hydrodynamic radius, one can capture both effects,
namely NP agglomeration and sedimentation.

In summary, these DLS results indicated essentially irreversible binding of nitroDOPA
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Figure 6.6: DLS of PEG(5)-anchor stabilized iron oxide NPs synthesized in the MW. Temperature depen-
dence of the (a) hydrodynamic radius and (b) normalized count rate of iron oxide NPs synthesized in the
MW by growing them at 180 °C for 3 min stabilized with PEG(5)-nitroDOPA (-m-), PEG(5)-nitrodopamine
(-0-), PEG(5)-DOPA (-@-), PEG(5)-dopamine (-O-), PEG(5)-hydroxydopamine (-®-), PEG(5)-mimosine
(-A-) and PEG(5)-hydroxypyrridine (-A-). Statistics was done on 5 - 7 identical independent samples.

and nitrodopamine to iron oxide NPs under physiologic conditions, in contrast to other
investigated anchors. However, NPs stabilized through intermediate anchors agglomer-
ated considerably slower compared to those stabilized through poor anchors. This can
be seen by the faster decay of the count rate and the rapid increase in the hydrodynamic
radius of the latter NPs.

Temperature Dependent Nanoparticle Stability

If dispersants adsorb reversibly, the dispersant desorption rate ks is expected to increase
with increasing temperature. Therefore, agglomeration of NPs stabilized with reversibly
adsorbing dispersants is expected to be faster at elevated temperatures. In agreement with
these expectations, individually stabilized iron oxide NPs dispersed in HEPES containing
150 mM NaCl started to irreversibly agglomerate below body temperature if they were
stabilized with dispersants containing poor anchors. NPs stabilized with intermediate
dispersants agglomerated between 60 and 80 °C, as indicated by an increase in the hydro-
dynamic radius and an increase followed by a decrease in the derived count rate due to NP
agglomeration and sedimentation, respectively (Figure[6.6). On the other hand, NPs stabi-
lized with PEG(5)-nitroDOPA and PEG(5)-nitrodopamine (called PEG(5)-nitrocatechols)
could be repeatedly heated up to 90 °C without noticeable agglomeration or changes in
the derived count rates. That PEG(5)-nitrocatechol stabilized NPs did not agglomerate

up to 90 °C demonstrates that NP agglomeration was not caused by a collapse of the
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Figure 6.7: PEG-anchor packing densities on iron oxide NPs synthesized in the MW. The dispersant pack-
ing densities of iron oxide NPs stabilized with 8 mg(dispersant)/mg(NP) obtained by TGA (empty bars) are
compared with those obtained from XPS analysis (dashed bars). Data points (m) correspond to the disper-
sant packing density calculated from the TGA results of stabilized NPs dispersed in Millipore water which
had been externally heated to 90 °C for 1 h before excessive dispersants were removed. Statistics was done
on 3-5 identical samples.

PEG shell (PEG has an inverse solubility/temperature relationship [439, 440]) but rather
by desorption of reversibly binding dispersants. This supports results obtained from the
NP filtration experiments where dispersants could be categorized into three groups (Ta-
ble [6.1). PEG(5)-nitrocatechol stabilized NPs were considerably more stable than those
stabilized with the well-known PEG(5)-DOPA and PEG(5)-dopamine. That NPs stabi-
lized with the latter dispersant already agglomerated below body temperature might be
one of the reasons why successful in vivo studies of iron oxide NPs which were individu-

ally stabilized with PEG-dopamine are elusive.

6.2.3 Dispersant Packing Density
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The dispersant packing density on iron oxide NPs was quantified by TGA and XPS
(Figure[6.7)and Table[6.1)). While the atomic Cpgg : Fe ratio was determined by account-
ing for the ionization cross section, inelastic mean free path and transmission function for
flat surfaces (equation 4.12), the spherical NP shape had to be considered when quanti-
fying the Cpgg : Fe ratio of dispersants adsorbed on NPs (equation [4.13). The obtained
percentage weight losses measured between 200 and 400 °C by TGA (Figure[6.11j) were
converted into dispersant packing densities assuming spherical iron oxide NPs with the
core radius distribution shown in Figure and an Fe30y density of 5.18 g/cm3 [379].
The ethylene glycol (EG) density was calculated based on the dispersant packing density
measured by XPS for NPs and flat surfaces respectively (Table [6.T).

As a result of the unknown amount of ultrasmall NPs which were not taken into account
for calculations of the dispersant packing density, values reported in Figure and Ta-
ble [6.1] are upper limits of dispersant packing densities. However, because different dis-
persants were adsorbed on identical NP batches, the relative differences in packing den-
sities should still hold, irrespective of the concentration of ultrasmall NPs. A comparison
between Figure |6.7|and Table 6.1 reveals that as the dispersant packing density increases,
NP stability increases. It is highest for NPs stabilized with PEG(5)-nitrocatechols. To
test the dispersant desorption at elevated temperatures, NPs dispersed in Millipore water
had been externally heated to 90°C, before excessive dispersants were removed by filtra-
tion. The packing densities of PEG(5)-nitroDOPA and PEG(5)-mimosine stabilized NPs
remained in the range of packing densities of as-stabilized NPs. However, that of PEG(5)-
dopamine stabilized NPs decreased to 26% of the initial packing density. This correlated
well with the filtration experiments shown in Figure [6.5| where k. of on iron oxide NPs
adsorbed PEG(5)-dopamine was markedly higher than that for PEG(5)-mimosine and
PEG(5)-nitroDOPA. Thus, binding reversibility, dispersant packing density and NP sta-
bility are closely related to each other and strongly depend on the binding affinity of

anchors to iron oxide NP surfaces.

Influence of the Mass Ratio Dispersant : Nanoparticle During Stabilization

To test the influence of the dispersant packing density on NP stability, temperature depen-
dent DLS measurements were performed on Fe304 NPs stabilized with different amounts
of PEG(5)-nitroDOPA (Figure [6.8). Even if dispersants were bound to NPs surfaces with
high affinity anchors such as nitroDOPA, NPs were only stable up to 90 °C if coated with
> 6 mg(dispersant)/mg(NP) (Figure [6.8)). This indicates that a high dispersant packing
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Figure 6.8: DLS of PEG(5)-nitroDOPA stabilized iron oxide NPs synthesized in the MW. The (a) hydro-
dynamic radius and (b) normalized count rate of iron oxide NPs grown in the MW at 180 °C for 3 min
stabilized with 1 mg/mg(NP) (-0-), 2 mg/mg(NP) (-2-), 4 mg/mg(NP) (-O-), 6 mg/mg(NP) (-O-) and 8
mg/mg(NP) (-m-). Statistics was done on 3-7 identical samples.
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Figure 6.9: TGA and DSC of with PEG(5)-nitroDOPA coated iron oxide NPs synthesized in the MW.
(a) TGA and (b) DSC graphs of PEG(5)-nitroDOPA stabilized iron oxide NPs synthesized in the MW

by growing them at 180 °C for 3 min.

NPs were stabilized with 1 mg(dispersant)/mg(NP) (-O-

), 2 mg(dispersant)/mg(NP) (-&-), 4 mg(dispersant)/mg(NP) (-x-), 6 mg(dispersant)/mg(NP) (-e-), 8
mg(dispersant)/mg(NP) (-m-), respectively, and uncoated iron oxide NPs (-y-). (c) The heat dissipated
during temperature induced decomposition of the organic part of iron oxide NPs stabilized with different
amounts of dispersants was measured by DSC. The dissipated heat was normalized to the iron oxide core
weight. Statistics was done on 3-6 independent samples.
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Figure 6.10: TGA and DSC measurements coupled to a MS of PEG(5)-nitroDOPA stabilized iron oxide
NPs synthesized in the MW. (a) TGA (-m-)/DSC (-0O-) measurements and (b) MS of the volatile products
CO; (-@-) and H,O (-0-) produced by TGA on PEG(5)-nitroDOPA stabilized iron oxide NPs. NPs were
synthesized in the MW by heating them to 180 °C and growing them for 3 min. Statistics was done on 3-6
independent samples.
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Figure 6.11: Quantification of the dispersant packing density on iron oxide NPs synthesized in the MW.
Iron oxide NPs synthesized in the MW by growing them at 180 °C for 3 min were coated with different
amounts of PEG(5)-nitroDOPA (-m-) and PEG(5)-mimosine (-A-). Curve (a) shows the relative weight loss
measured between 200 and 400 °C in the TGA. (b) The calculated numbers of dispersants adsorbed per nm?
are shown. Statistics was done on 3-5 identical samples.
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density is crucial for good NP stability especially at elevated temperatures.

To correlate NP stability to the dispersant packing density, simultaneous TGA and
DSC measurements were performed on iron oxide NPs which were stabilized with
different amounts of PEG(5)-nitroDOPA. The exothermic reaction around 255°C (Fig-
ure [6.9b) seen in DSC measurements for uncoated NPs coincided with a mass loss of
20 wt% in TGA (Figure [6.9n). This is attributed to a decomposition of weakly ph-
ysisorbed impurities (Figure [6.9). A similar exothermic peak was measured for iron
oxide NPs stabilized with only 1 mg(PEG(5)-nitroDOPA)/mg(NP). If NPs were coated
with 2 mg(dispersant)/mg(NP), two exothermic reactions around 255 °C and 380 °C
were observed in DSC while two distinct slopes were measured with TGA. The on-
set of the mass loss was slightly shifted towards higher temperatures compared to
NPs stabilized with 1 mg(dispersant)/mg(NP). The onset of the mass loss of NPs sta-
bilized with 4-8 mg(dispersant)/mg(NP) coincided with that of NPs stabilized with 2
mg(dispersant)/mg(NP). However, considerably less mass was lost between 240 and
360 °C for NPs stabilized with 4-8 mg(dispersant)/mg(NP) compared to NPs stabilized
with only 2 mg(dispersant)/mg(NP) whereas more mass was lost between 360 and 440
°C for the former NPs. Because the first reaction measured for NPs stabilized with 1
mg(dispersant)/mg(NP) coincided with that measured for uncoated NPs, it was assigned
to the decomposition of impurities or the decomposition of PEG adsorbed on the iron
oxide NP surface at a low packing density. The second exothermic reaction, which coin-
cided with the main mass loss and consisted of equal amounts of CO; and H,O measured
in situ with MS (Figure[6.10), was assigned to the decomposition of PEG. For NPs stabi-
lized with at least 4 mg(dispersant)/mg(NP), hardly any exothermic peak could be seen at
250°C whereas the exothermic decomposition of PEG around 410 °C was evident. These
results indicate that nitroDOPA replaced physisorbed impurities if NPs were stabilized
with a sufficient amount of dispersants. The absence of nitrogen containing fragments
in the mass spectra acquired during TG analysis further indicated quantitative removal of
DMF during particle processing (Figure [6.10).

The mass loss and thus dispersant packing density started to level off at a mass ratio
of dispersants : NPs = 6 : 1 (Figure [6.11). This indicates that the maximum disper-
sant packing density obtainable with the grafting to strategy was reached for iron oxide
NPs synthesized in the MW and stabilized with PEG(5)-nitroDOPA. These TGA/DSC
results are in good agreement with DLS findings where only NPs stabilized with at least
6 mg(dispersant)/mg(NP) NPs remained stable up to 90 °C (Figure [6.8). However, care

should be exercised with the quantitative ratio of dispersants : iron oxide NPs required
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Figure 6.12: XPS studies of dispersants adsorbed on flat 2D and NP surfaces. (a) The atom percentage of
C of PEG (C-O, empty), aliphatic C (C-C, C-H, dashed) and OH-conjugated carbons (C-OH and COOH,
filled) of dispersants adsorbed on flat Fe304 surfaces was determined from XPS analysis. (b) The atomic
ratio of Cpgg : Fe of dispersants adsorbed on flat FezO4 surfaces correlates well with that of dispersants
adsorbed on iron oxide NPs and indicates that the ability of dispersants to replace aliphatic contaminations
is independent on surface curvature whereas the dispersant packing density is considerably higher on NPs
as compared to flat surfaces. Statistics was done on 3-6 independent samples.

to completely sterically stabilize these NPs. Because of the large unknown fraction of
ultrasmall NPs, it is likely that the larger cores were stable already at considerably lower

ratios of dispersants : iron oxide NPs if they were monomodally distributed.

Influence of Surface Curvature on Dispersant Packing Density

To investigate the influence of the surface curvature on the dispersant packing density,
PEG(5)-anchors were adsorbed on flat (2D) surfaces and on Fe304 NPs (3D) synthesized
in the MW. The NPs had a core radius comparable to the dispersant layer thickness which
yields a high surface curvature on the length scale of the dispersant dimensions. Because
iron oxide absorbs light, the dispersant layer thickness on 2D surfaces could not be de-
termined with ellipsometry. Thus, the dispersant coverage was estimated based on the
intensity of the Cls : Fe2p peaks measured with XPS. As a comparison, the same XPS
analysis was also performed on iron oxide NPs stabilized with PEG(5)-anchors.

The C1s peaks acquired with XPS on flat Fe3O4 substrates modified with dispersants were
deconvoluted into three components. The peaks with a binding energy (BE) of 286.6 +
0.1¢eV, 288.6 + 0.1 and 284.9 + 0.1 eV were assigned to Cpgg, Ciliphatic and CcOoH or OH
respectively. All peaks had a full width of half maximum (FWHM) of 1.9 + 0.1 eV. Fe

was quantified based on the area of the Fe2p; peak. The atomic ratio of Cpgg : Caliphatic>
2
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Figure 6.13: Cls peak of dispersants adsorbed on flat surfaces measured by XPS. C1s peak of (a) PEG(5)-
nitroDOPA, (b) PEG(5)-nitrodopamine, (c) PEG(5)-DOPA, (d) PEG(5)-dopamine, (¢) PEG(5)-mimosine,
(f) PEG(5)-hydroxypyridine, (g) PEG(5)-hydroxydopamine, (h) PEG(5)-hydroxypyrone and (i) PEG(5)-
COOH adsorbed on flat magnetron sputtered iron oxide surfaces. Three peaks have been fitted to the Cls
peak. They correspond to PEG (red), aliphatic contaminations (blue) and anchoring groups, COOH or OH
conjugated contaminations (green).
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Figure 6.14: Cartoon of the free volume available for PEG grafted to highly curved and flat surfaces.
The free volume PEG can occupy if grafted to (a) highly curved NP surfaces and (b) flat surfaces is many
times larger for the former case. Because of the considerably smaller steric interchain repulsions of PEGs
adsorbed on NPs compared to those adsorbed on flat surfaces, the PEG packing density on highly curved
surfaces likely is higher.



166 6. ANCHORS FOR STERIC STABILIZATION OF IRON OXIDE NANOPARTICLES

derived from the deconvoluted XPS Cls spectra (Figures [6.12] and [6.13), in combination
with the atomic ratio of Cpgg : Fe (Figure [6.11]) were taken as a measure of the bind-
ing affinity of the dispersants. These ratios reflected the ability of dispersants to replace
aliphatic carbon contaminations. The atomic ratios of Cpgg : Caliphatic and Cpgg : Fe in-
creased from poor dispersants to good dispersants (Figures [6.12]and [6.13]) and supported
DSC results where PEG-nitroDOPA was shown to replace weakly physisorbed carbon
contaminations while poor dispersants failed to do so. Moreover, good dispersants had
higher Cpgg : Fe ratios which translates into higher dispersant packing densities com-
pared to poorly anchored dispersants (Table[6.I). The reasonably good linear correlation
of the XPS atomic Cpg : Fe ratios between catechol-based dispersants adsorbed on flat
surfaces and on NPs (Figure [6.12)), respectively, indicates that the binding affinity of an-
chors is independent on surface curvature. This is in contrast to the packing density which
was found to be considerably higher on NPs than on flat surfaces (Table [6.1).

The extremely high dispersant packing density obtained especially for PEG-
nitrocatechols appears, at first glance, to be too high for a grafting to immobilization
process that requires diffusion of large polymers through a brush of already adsorbed
polymers to reach completion. However, account must be taken of the high curvature
of the NPs. The conical volume that can be occupied by each immobilized PEG chain
will significantly reduce steric inter-chain repulsion. It leads at saturation coverage to a
different chain density profile and thus different dispersant packing densities on highly
curved surfaces of NPs compared to flat surfaces (Figure [6.14). Similar conclusions were
recently drawn for the dependence of the DNA-SH packing density on Au NPs with differ-
ent diameters [441]. Furthermore, the thiol packing density has been reported to be up to
2.2 times higher for poly(ethylene oxide)-thiols (PEO-SH) and 23 times for polystyrene-
thiols (PS-SH) if adsorbed on Au NPs compared to 2D Au surfaces [260].

The observed correlation of the XPS Cpgg : Fe atomic ratios between dispersants ad-
sorbed on flat, 2D surfaces and on 3D NPs (Figure @) demonstrates the feasibility of
screening the relative affinity of dispersants on 2D surfaces where more surface sensitive
and quantitative characterization techniques are at hand. The obtained results can then
likely be translated into the performance of these dispersants to stabilize NPs of the same

composition as the flat surfaces.
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6.3 Summary

Essentially irreversible binding of low M,, dispersants allows for controlled and efficient
surface modification of individual oxide NPs that withstand agglomeration under physi-
ologically relevant conditions. The anchor affinity was shown to not only determine the
dispersant desorption rate and therefore NP stability but also to strongly correlate with
dispersant packing density. Nitrocatechols were found to irreversibly anchor low M,,
PEG-based dispersants to Fe304 NPs and vastly outperform the well-known catechols. If
PEG-based low M,, dispersants were anchored to the NP surface through an irreversibly
binding group such as nitrocatechols, NPs could be freeze-dried and re-dispersed at the
desired concentration and solution conditions, which facilitates NP handling consider-
ably. Furthermore the stability of PEG(5)-nitrocatechol surface modified FezO4 NPs was
greatly enhanced compared to previously reported similar NPs, especially at low concen-
trations, elevated temperatures and ionic strengths. This greatly increases chances for
successful biomedical applications of iron oxide NPs individually stabilized with low M,,
dispersants. Close control over NP stability, hydrodynamic radius and interfacial chem-

istry are key issues for applications of iron oxide NPs e.g. as MR contrast agents.






CHAPTER [

Mechanistic Aspects of Anchor-lron Oxide Interactions

7.1 Background

As discussed in the previous chapter, stability of NPs sterically stabilized with low molec-
ular weight dispersants through the grafting to method relies on anchors which irre-
versibly bind spacers to the NP surface. It was empirically shown in chapter [] that ni-
trocatechols vastly outperform the well known catechols if used as anchors to stabilize
Fe304 NPs despite their close chemical similarity.

Based on the results presented in chapter [0] it can be noted that a mere increase in the
number of hydroxyl groups on the catechol ring does not significantly increase the affin-
ity of the anchor, suggesting that binding occurs with the ring oriented orthogonal to the
substrate. Thus, it is unlikely that differences in binding affinities of these different cate-
chol derived anchors originate in differences in the number of binding sites per anchor.
The striking difference in binding affinities more likely is at least partially related to differ-
ent pK, values. While nitroDOPA, nitrodopamine [442]] and mimosine, the three anchors
which lead to highest NP stability, all have one of their pK,, values around 6.5 close to the
point of zero charge (PZC) of iron oxide NPs (6.7) (Figure [5.2)), DOPA, dopamine and
hydroxydopamine have pK, > 9 (Figure [7.1)) [443-H446].

The binding affinity of catechols and catechol derivatives towards 770, has been shown
to scale with their Brgnstead acidity [447] and thus with the pK, that is influenced by the
carboxy group. This is likely one of the reasons for the higher affinity of DOPA com-
pared to dopamine towards iron oxide. Furthermore, the aromatic nitrogen of mimosine
and hydroxypridine enhances the Brgnstead acidity of these anchors compared to DOPA

and dopamine, respectively, which might result in higher packing densities of dispersants
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Figure 7.1: pK, determination of anchors. Titration curves of nitroDOPA (-m-), nitrodopamine (-O-),
mimosine (-A-), DOPA (-@-), dopamine (-O-) and hydroxydopamine (-®-). These titration curves were
measured in Millipore water based solutions containing 150 mM NaCl.

containing pyridine-based anchors compared to their catechol-based counterparts.

To the best of our knowledge, no similar mechanistic studies of interactions of cate-
chol based anchors with iron oxide surfaces and its influence on magnetic properties
of NPs have been conducted. However, interactions primarily of dopamine and L-
DOPA with Fe3* ions were studied in detail mainly in view of their biological relevance
(270,277, 278]). It was found that Fe3* promotes an oxidative degeneration of these cate-
chols to semiquinones and eventually to quinones [279, 281,282, 286]. In line with these
reports, Shultz et al. found that dopamine gradually degrades if adsorbed on Fe304 NP
surfaces [287]. Despite of all these reports, catechols are often used as anchors to steri-
cally stabilize iron oxide NPs [}, 256} 258, 259| 266-268]|.

The aim of this chapter is to elucidate the reasons for the very different affinities of cate-
chol derivatives to iron oxide surfaces. To approach questions about mechanistic binding
aspects of catechol derivatives towards iron oxide surfaces, gain more insights into param-
eters influencing binding affinities and to relate insights into mechanistic binding aspects
to their suitability as anchors for iron oxide NP stabilization, interactions between iron
ions or iron oxide surfaces and five different anchors, namely nitroDOPA, nitrodopamine,
DOPA, dopamine and mimosine and iron ions or iron oxide surfaces are compared in
this chapter. Changes of the electronic structure upon adsorption of the anchors to as-
synthesized and oxidized Fe304 NPs and upon complexation with Fe?* and Fe3* ions
were investigated with EPR, FTIR and UV/VIS spectroscopy.



7.2. STABILITY OF Fe304 VS. FepO3 NANOPARTICLES 171

volume weighted (a.u.)
—_—— .,
-
E/././.
o}

Figure 7.2: Iron oxide NP stability. DLS measurements of iron oxide NPs stabilized with PEG(5)-
nitroDOPA 4h (-m-), 3 weeks (-O-) and 7 weeks (-O-) after Fe304 NPs have been synthesized. DLS was
measured at room temperature.

7.2 Stability of Fe;04 vs. Fe;O3; Nanoparticles

Fe3;04 NPs, that present F e2* and Fe3* ions at the surface, could be individually stabilized
with PEG(5)-nitroDOPA as was shown in chapter[6] However, NPs stored unstabilized in
ethanol for 4 months before stabilization with PEG(5)-nitroDOPA were significantly less
stable as was found with DLS (Figure [7.2).

The striking difference in NP stability between freshly synthesized FezO4 and NPs that
were stored in ethanol for 4 months was observed irrespective of whether iron oxide NPs
were stabilized with PEG(5)-nitroDOPA in ethanol or DMF. Storage of iron oxide NPs
for 4 months in ethanol was shown by XPS to result in oxidation of NPs (Figure [5.8)

which then present exclusively Fe3* at the surface.

7.3 Electronic Changes upon Anchor Adsorption

Catechols in solution are known to bind preferentially to Fe3* [448],[449]). Therefore, they
are expected to bind better to oxidized compared to as-synthesized Fe3;04 NPs. However,
as is shown in Figure freshly synthesized Fe304 NPs are much more stable compared
to oxidized iron oxide NPs surface modified with PEG(5)-nitroDOPA. To investigate this
apparent contradiction, the coordination properties of Fe(IlI) in iron oxide NPs stabilized
with PEG(5)-nitroDOPA, PEG(5)-dopamine and PEG(5)-mimosine were analyzed with
EPR measurements.

EPR spectra of as-synthesized Fe304 NPs stabilized with PEG(5)-nitroDOPA, PEG(5)-
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Figure 7.3: EPR spectra of iron oxide NPs synthesized in the MW coated with different dispersants. (a)
Overview of EPR spectra of iron oxide NPs stabilized with (A) PEG(5)-nitroDOPA, (B) PEG(5)-dopamine,
(C) PEG(5)-mimosine and (D) uncoated Fe304 NPs that had residual precursors and physisorbed impurities
on their surface. (b) EPR spectra of (A) PEG(5)-nitroDOPA and (D) uncoated Fe304 NPs before (solid
line) and after (dashed line) dispersants were decomposed by subjecting NPs to T > 200°C. (c) PEG(5)-
nitroDOPA stabilized Fe3zO4 (solid line) and to Fe, O3 surface oxidized (dashed line) NPs.

intensity (a.u.)
T

01 02 03 04 05 06
B (T)

Figure 7.4: EPR spectra of dispersants. Reference EPR measurements of (A) PEG(5)-nitroDOPA, (B)
PEG(5)-dopamine and (C) PEG(5)-mimosine.

dopamine, PEG(5)-mimosine and unstabilized Fe304 NPs were dominated by a near-
isotropic signal with g = 2.06 (B, = 343 mT), characteristic for NPs in a superparamag-
netic state (Figure [336]. The line width AB =73 + 4 mT of the superparamagnetic
signal of PEG(5)-anchor stabilized NPs was found to be considerably lower compared to
that of unstabilized Fe3O4 NPs (AB = 92 + 6 mT). The lower AB indicates less dipole-
dipole inter-particle interactions between stabilized as compared to unmodified Fe304
NPs [336,450].

Moreover, the stabilized NPs revealed two additional signals at B, = 352 mT (resulting in
g =2.0) and B, = 180 mT (g = 3.9). The sharp signal at g = 2.0 is characteristic for "free
electrons"”. Such signals were only found if dispersants were adsorbed on Fe3;04 NPs but
not for pure dispersants (Figure [7.4). The low field resonance at B, = 180 mT (g = 3.9)
can be assigned to rhombohedrally distorted, magnetically decoupled Fe3* [332, 451].
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Figure 7.5: Cartoon of nitroDOPA interaction with a Fe3O4 surface. Cartoon of possible nitroDOPA
interaction with a Fe30, surfaces where it (a) removes Fe>* from the surface and (b) distorts the FezO4
surface.

Although the two signals occur simultaneously, their relative intensity, deduced from their
peak heights, were different. The relative intensity ratio of free electrons (g = 2.0) to Fe3*
(g = 3.9) was highest for PEG(5)-nitroDOPA stabilized NPs. This ratio decreased by 14
+ 5 % for PEG(5)-mimosine and 32 + 1 % for PEG(5)-dopamine compared to PEG(5)-
nitroDOPA stabilized Fe3O4 NPs. Therefore, electron delocalization is suggested to be
highest for PEG(5)-nitroDOPA stabilized NPs.

7.3.1 Influence of Anchors on Surface Bound Fe(III) Ions

The occurrence of a g = 3.9 signal associated with magnetite NPs indicates that Fe(III) is
magnetically decoupled from the bulk material [452]. However, the ligand field of Fe(III)
resulting in g = 3.9 is less distorted compared to Fe3* complexed with three catechols per
ion, for which g-values of 4.2-4.3 have been reported [273] 276, 278, 279, 451]]. At T
< 239 K, a signal at g = 4.3 has also been found for polystyrene co-butadiene-co-methyl
methacrylate stabilized 4.5 nm radius Fe304 NPs. This signal was ascribed to param-

agnetic Fe(Ill) in a rhombohedral crystal field [450]. However, the signal observed here
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for PEG(5)-nitroDOPA stabilized NPs appears already at room temperature and is shifted
towards higher fields. Thus, the signal at g = 3.9 is unlikely to have the same origin as
the one reported by Noginov ef al. at g = 4.3 [450]. A second possible explanation for
the g = 3.9 signal would be that it is a half-field signal of the superparamagnetic peak.
The intensity of the half-field signal of Fe304 NPs is about 8 x 10~* times lower than
the superparamagnetic signal [450]. The intensity of the g = 3.9 signal measured here,
however, is only 6.6 x 103 times lower than the superparamagnetic signal and it is not
observed at all for uncoated FezO4 NPs. Assignment of the g = 3.9 signal as the half-field
signal of the superparamagnetic peak can therefore be excluded.

Because no free electrons were found for pure PEG(5)-nitroDOPA (Fig. [7.4), it is most
likely that the simultaneous occurrence of free electrons and the Fe3* signal at g = 3.9
for PEG(5)-nitroDOPA stabilized SPIONs is due to interactions of nitroDOPA with the
iron oxide surface. The appearance of distorted Fe3* coordination can be explained by
two different mechanisms. Depending on the complexation strength, PEG(5)-nitroDOPA
could partially dissolve or strongly bind to Fe304 NP surfaces (Figure [7.5). In the first
case, removing surface Fe3* ions would lead to free PEG(5)-nitroDOPA/Fe3* complexes.
In the second case, adsorption of PEG(5)-nitroDOPA on iron oxide surfaces would result
in strong interactions of nitroDOPA with surface Fe(IIl) ions causing structural and elec-
tronic distortions at the Fe3Oy surfaces (Figure [7.4)).

NitroDOPA/Iron Ion Complexes

EPR spectra of freeze-dried nitroDOPA/Fe3* molecular complexes assembled in solution
with a molar ratio of 1 : 1 and 3 : 1 are shown in Figure[7.6] A molar ratio of 1 : 1 was
taken for steric reasons, because Fe(IIl) at the Fe30,4 surface can interact only with one
nitroDOPA. In contrast, catechols form complexes with free F ¢3* ions at a molar ratio of 3
: 1 [276],1453]). Irrespective of the Fe3* concentration, the spectra exhibited three features
(Figure . The broad absorption around g ~ 2 is most likely caused by nonspecific Fe3*
configurations with strong dipole-dipole interactions, the sharp signal at g = 2.0 is due to
free electrons and the signal at g = 4.3 originates from Fe3* in a rhombohedrally distorted
ligand field [273] 276|278, 279, 451]].
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Figure 7.6: EPR spectra of nitroDOPA/iron complexes. EPR spectra of (A) nitroDOPA/Fe** complexed
in a molar ratio of 1 : 1, (B) nitroDOPA/Fe?* complexed in a molar ratio of 3 : 1, (C) nitroDOPA/Fe3*
complexed in a molar ratio of 1 : 1, (D) nitroDOPA/Fe** complexed in a molar ratio of 3 : 1. NitroDOPA
was complexed with iron ions in Millipore water for 1 h before complexes were freeze dried and analyzed
with EPR.

Thermal Degradation of NitroDOPA
NitroDOPA/Iron Complexes

To elucidate the influence of nitroDOPA on the rhombohedrally distorted Fe3* signals,
nitroDOPA/Fe3* complexes in a molar ratio of 3 : 1 and PEG(5)-nitroDOPA stabilized
Fe304 NPs were subjected to 7 > 200 °C for 10 min. FTIR spectra revealed that this
treatment degraded nitroDOPA as indicated by the disappearance of the C-C ring vibra-
tion centered at ~ 1500 cm~! [447] (Figure . For nitroDOPA/Fe3* complexes, the
concentration of EPR active Fe3* ions coordinated in a thombohedrally distorted lig-
and field markedly increased upon heating. In contrast, heat treatment of Fe3O4 NPs
stabilized with PEG(5)-nitroDOPA resulted in a drastic decrease of the g = 3.9 signal
intensity (Figure[7.3pb). The differences in g-value and change in response to nitroDOPA
decomposition of nitroDOPA/Fe3* complexes and PEG(5)-nitroDOPA stabilized Fe304
NPs strongly suggests that the signal in the latter case originates from complexed surface
bound Fe3*.

A paramagnetic EPR response of Fe(IIl) associated with a ferrimagnetic solid phase has
rarely been described since magnetic coupling below the Curie temperature leads to col-
lective behavior. An example was reported to occur during dehydroxidation of y-FeOOH
and the formation of superparamagnetic y-Fe,03. The generation of a g = 4.2 signal
was explained by the enhanced distortion of FeOg octahedra due to dynamic rearrange-

ments of oxygen and hydrogen atoms [452]]. In analogy, the occurrence of Fe(Ill) in a
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distorted ligand field due to the adsorption of PEG(5)-nitroDOPA onto FezO4 NPs could

be explained by re-arrangements of surface-coordinated iron.

NitroDOPA Adsorbed on Iron Oxide Nanoparticles

To verify that the g = 2.06 signal assigned to free electrons and the g = 3.9 assigned
to Fe(Ill) in a rhombohedral ligand field are directly related to each other, PEG(5)-
nitroDOPA stabilized FezO4 NPs were subjected to 7 > 200 °C for 10 min. This heat
treatment should thermally remove dispersants from the NP surface. Thus EPR spectra
similar to those of uncoated Fe3z04 NPs would be expected. Indeed, after heat treating
PEG(5)-nitroDOPA and uncoated FezO4 NPs, the signal arising from superparamagnetic
NPs exhibited a similar, broad line width for all samples. The broadening for the coated
NPs is due to an increase in magnetostatic interactions [336]]. It clearly shows that the
thermal treatment decomposed the coating which was further supported by FTIR mea-
surements (Figure[7.7h). A comparison of XRD spectra of PEG(5)-nitroDOPA stabilized
Fe304 NPs before and after they were subjected to 7 > 200 °C revealed no significant
peak shifts or the appearance of new peaks after NPs had been heat treated (Figure [7.8)).
This indicates that the inverse spinel structure of the iron oxide cores was retained after ex-
posing the cores to elevated temperatures. The reduced signal : noise ratio of heat treated
compared to as-synthesized samples is because of the lower amount of powder analyzed
for heat treated samples. Upon heating, both signals at g = 2.0 and g = 3.9 disappeared
(Figure [7.3p). The correlated appearance and loss of the EPR signals of free electrons
and magnetically decoupled Fe(III) ions upon adsorption and removal of dispersants on
Fe304 NPs demonstrates that these two signals are related to each other. Hence adsorbed
nitroDOPA is preferentially bound to Fe(Ill) rather than to Fe(Il) which is not directly
detectable with EPR [454]).

Electronic Interactions of NitroDOPA with Fe;04 Surfaces

As shown above, nitroDOPA/Fe3* complexes lead to a signal at g = 4.3. Thus, the g =
3.9 signal cannot be assigned to nitroDOPA/Fe3* complexes, but must arise from surface
bound Fe(III). That a signal at g = 3.9 is apparent for as-synthesized Fe3O4 NPs stabilized
with PEG(5)-nitroDOPA but is absent for unstabilized NPs indicates that strong interac-
tions of nitroDOPA with surface bound Fe(IIl) ions must significantly distort the Fe(III)

ligand field. Furthermore, electron delocalization is significantly stronger and the signal
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Figure 7.7: Influence of heat treatment. FTIR spectra of (a) nitroDOPA adsorbed on iron oxide NPs,
nitroDOPA complexed with (b) Fe** and (c) Fe’* at a molar ratio of 3 : 1 (A) before and (B) after heat
treatment to T > 200 °C for 10 min. The vibration indicated with * can be assigned to the C-C ring vibration
while (@) was assigned to C-O stretch vibrations [447].
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Figure 7.8: Influence of heat treatment. XRD of (A) uncoated (B) nitroDOPA coated iron oxide NPs before
and (C) after thermal treatment.

at g = 3.9 more pronounced if as-synthesized Fe304 NPs are modified with PEG(5)-
nitroDOPA than if PEG(5)-dopamine is used as a dispersant (Figure [7.3p). These results
indicate, that the magnetically decoupled Fe(IIl) signal with g = 3.9 is a result of strong
interactions of the nitroDOPA with Fe(III) ions at the NP surface.

Upon adsorption of nitroDOPA on Fez0O4 NPs, nitroDOPA can interact with Fe(Il) or
Fe(III). If nitroDOPA initially binds to Fe(III) ions, the simultaneous appearance of free
electrons and a magnetically decoupled Fe(III) signal would not be expected, since the
charge transfer to create free electrons is unaccounted for. On the other hand, if the elec-
tron density in the conjugated electron system in nitroDOPA is increased by binding to
Fe(II) and oxidation to Fe(III) occurs (see suggested reaction in Figure[7.10R), the simul-
taneous appearance of a magnetically decoupled Fe(IIl) signal and free electrons would
be expected. In literature, a reduction of nitrobenzenes [455] and facilitated oxidation of
Fe?* to Fe3* in the presence of chelates which strongly bind to Fe?* have already been
reported [456,1457].
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Figure 7.9: Influence of heat treatment on nitroDOPA/iron complexes. EPR spectra of (a) nittoDOPA/Fe”*
and (b) nitroDOPA/Fe>* complexes (A) before and (B) after heat treatment at 7 > 200 °C for 10 min. Iron
was complexed with nitroDOPA in Millipore water for 1 h at a molar ratio of 1 : 3 before complexes were
freeze dried.

Interactions of NitroDOPA with Fe2+ and Fe3*

PEG(5)-nitroDOPA stabilized oxidized NPs revealed a significantly weaker signal at g
= 2.0 compared to PEG(5)-nitroDOPA stabilized freshly synthesized Fe30O4 NPs. This
supports the interpretation that the change in EPR spectra is a result of strong electron de-
localization between nitroDOPA and Fe(II) ions. Furthermore, no clear decoupled Fe(III)
signal at g = 3.9 could be detected for stabilized oxidized NPs (Figure [7.3k). This pro-
vides clear evidence for weaker interaction of nitroDOPA with oxidized compared to
freshly synthesized FezO4 NPs.

Further evidence that nitroDOPA initially binds to Fe(Il) if adsorbed on Fe30O4 NPs is
given by EPR studies of freeze-dried nitroDOPA complexed in solution with Fe?* and
Fe3* ions (Figure . The intensity ratios of the peak heights resulting from delocal-
ized electrons at g = 2.0 to Fe3* (g =4.2) are 6 + 1 and 8 + 1 for molar ratios of ni-
troDOPA : Fe?* =1: 1 and 3 : 1 respectively. These are considerably higher than those
of nitroDOPA/Fe3* complexes (2 + 0 and 3 + 1 for molar ratios of nitroDOPA : Fe3*
=1: 1and 3 : 1 respectively) despite that the signal : noise ratio of the Fe3* signal is
comparable for these complexes. The Fe3* signal of nitroDOPA/Fe2* complexes at g =
4.2 further indicates that Fe2*, which is not directly observable with EPR [454]], is oxi-
dized to EPR active Fe3* if complexed with nitroDOPA. More importantly, it shows that
interactions of nitroDOPA with Fe2* lead to stronger electron delocalization compared to
nitroDOPA/Fe3* complexes. The enhanced electron delocalization of nitroDOPA/Fe2+

complexes thus likely results from a redox reaction between nitroDOPA and Fe2*, in sup-
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Figure 7.10: Suggested mechanism for the binding of anchors to Fe304 NPs. (A) Reduction reaction
of nitrocatechol complexed with Fe?* ions. (B) Iron catalyzed catechol degradation. Fe’* complexed
catechols are oxidized to semiquinones while Fe3* is reduced to Fe’* before semiquinones are further
degraded through reactions with O, [282]. (C) Mimosine complexed with F e3*. Ry=H for dopamine and
COOH for DOPA whereas R, were amines for pure feet and PEG(S) for dispersants used to stabilize NPs.
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port of the similar observations and conclusions described above for the surface bound

iron ions.

7.3.2 Vibrational Changes in Anchors upon Adsorption on Iron Ox-

ide Nanoparticles

To further investigate vibrational changes that occur upon anchor adsorption on iron ox-
ide, FTIR studies were performed on nitroDOPA, nitrodopamine, DOPA, dopamine and
mimosine adsorbed on Fe304 NPs. Additionally, FTIR spectra of anchors adsorbed on
Fe304 NPs were compared to spectra of anchors complexed with Fe2t and Fe3* ions.
FTIR spectra revealed two pronounced peaks, one at ~ 1280 cm~! assigned to in-plane
C-O stretching vibrations and one at 1496 cm~! assigned to tangential normal C-C vibra-

tion modes of the aromatic ring [447], upon adsorption of anchors to Fe3O4 NPs (Figure

[7.11).

Nitrocatechols

Changes in the C-C ring vibration of nitrocatechols upon complexation with iron ions
or adsorption on Fe3O4 NPs were small (Figure [7.11I). However, shifts of the C-O
stretch vibrations from 1290 to 1281 ¢m~! for nitroDOPA and from 1294 to 1277 cm™!
for nitrodopamine upon adsorption on Fe3O4 NPs were close to that of nitrocatechols
complexed with Fe?* (1284 c¢cm~! for nitroDOPA and 1277 cm~! for nitrodopamine) in
contrast to nitrocatechol/Fe3* complexes (1292 cm~! for nitroDOPA and 1290 c¢m~! for
nitrodopamine). Moreover, the C-O ring vibrations of Fe?*-complexed nitrocatechols
were gradually shifted towards lower wavenumbers with time (Figure [7.12). The good
agreement of the C-O ring vibrations of Fe2*-complexed nitrocatechols with that of ni-
trocatechols adsorbed on FezO4 NPs and the time dependent shift towards even closer
agreement further support the conclusions from the EPR results of initial binding of ni-
troDOPA to Fe(II) accompanied by a strong electron delocalization between nitroDOPA
and Fe(Il). The FTIR spectra also display marked shifts for the symmetric and asym-
metric NO, vibrations upon adsorption of nitrocatechols on Fe304 NPs (e.g. 1319 cm™!
and 1554 cm~! for symmetric and asymmetric NO, vibrations of nitroDOPA) [458] com-
pared to reference spectra (~ 1331 cm~! and 1535 c¢m™!) (Figure 4a, b). This indicates
that the electron transfer to nitroDOPA results in an increased electron density on the ni-

tro group (Figure [7.10p). Increased electron density in the lowest unoccupied molecular
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Figure 7.11: FTIR of anchors complexed with iron ions and adsorbed on iron oxide NPs. FTIR spectra
of (A) pure anchors were compared to those of anchors complexed with (B) Fe** and (C) Fe’* ions in
Millipore water at a molar ratio of anchor : iron ion = 1 : 1. Complexes were kept for 24 h at 50°C before
they were freeze-dried. Furthermore, anchors were adsorbed on (D) Fe304 NPs. (E) Uncoated Fe304
NPs and (F) benzoquinones are shown as references. The investigated anchors were (a) nitroDOPA, (b)
nitrodopamine, (c) DOPA, (d) dopamine and (e) mimosine. The most apparent vibrations measured on
anchors adsorbed on Fe304 NPs were the C-C ring out of plane vibration (*), the C-O stretch vibrations
(@) and for nitrocatechols asymmetric (-m-) and symmetric (- A-) NO, vibrations.
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Figure 7.12: FTIR of anchor/iron complexes. FTIR spectra of (A) pure anchors, anchors complexed with
(B) Fe** and (C) Fe** kept for 1 h at RT, (D) Fe? and (E) Fe** kept for 24 h at 50°C and (F) anchors
adsorbed on Fe304 NPs for (a) nitroDOPA, (b) nitrodopamine, (c) DOPA, (d) dopamine and (e) mimosine.
The molar ratio of the anchor : iron complexes was always 1 : 1. * was assigned to the C-C ring vibration
while (@) was assigned to C-O stretch vibrations .
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orbital (LUMO) upon deprotonation has already been calculated [458]]. It agrees with the
observed increased electron density in the LUMO upon binding of nitroDOPA to Fe304
NPs observed here.

Catechols

Differences in FTIR spectra of catechols complexed with Fe?* and Fe3* and that of cat-
echols adsorbed on Fe304 NPs were more pronounced relative to those of nitrocatechols
(Figure[7.11)). Whereas the C-C ring vibrations of nitrocatechols were only slightly shifted
towards higher wavenumbers if adsorbed on FezO4 NPs, marked shifts towards the posi-
tion of benzoquinones were recorded for (unsubstituted) catechols if adsorbed on Fe3zOy4
NPs (Figure [7.1Tk, d). The similarity of FTIR spectra of dopamine adsorbed on Fe3z04
NPs with the reference spectra of benzoquinone is striking. Therefore, the peak at 1487
cm~! measured for catechols adsorbed on Fe304 NPs can likely be assigned to a C-O
stretching vibration of semiquinones [459-461]].

The absence of an electronegative NO, group on catechols compared to nitrocate-
chols renders catechols more prone to oxidation [296, 462]. Moreover, iron catalyzed
catechol degradation, which results in semiquinones, quinones and eventually in car-
boxy containing species, has been thoroughly described in literature (Figure [7.10p)
(279, 281} 282, 286]]. It can explain the weak C-C ring and C-O stretch vibrations of cat-
echols compared to nitrocatechols seen on FTIR spectra. Furthermore, carboxy groups,
that can be the result of iron catalyzed catechol degradation [286], were shown to poorly
bind to Fe304 NPs in chapter [6| This might account for the considerably worse stabil-
ity of PEG(5)-catechol compared to PEG(5)-nitrocatechol stabilized Fe3;04 NPs (see e.g.

Figures[6.5] and [6.6)).

Mimosine

In contrast to catechol/iron and nitrocatechol/iron complexes, FTIR spectra of mimo-
sine/iron complexes did not change significantly with complexation time and tempera-
ture (Figure [7.12f). This indicates a fast reaction between mimosine and iron resulting
in stable complexes. It might be due to the low pK, values of mimosine [463]. Simi-
lar to nitrocatechols, the location of the C-C ring vibration did not change significantly
upon adsorption of mimosine on Fe3O4 NPs (Figure [7.11f). However, the C-O ring vi-

bration of mimosine and nitrocatechols complexed with Fe* was shifted towards lower
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Table 7.1: Locations of HOMO — LUMO transition UV/VIS peaks of uncomplexed and with Fe** and
Fe*t ions complexed nitrocatechols dissolved at different pHs and in organic solvents respectively where
the molar ratio of nitrocatechols : iron =1 : 1.

|pH=5|pH=74[pH=12 | ethanol | DMF |
nitroDOPA 352 422 499 355 364/441
nitroDOPA/Fe?+ 353 414 382 369
nitroDOPA/Fe3* 391 406 372 366
nitrodopamine 351 422 501 356 346
nitrodopamine/Fe?* | 353 418 353 421
nitrodopamine/Fe3* | 390 405 345 363

Table 7.2: Peak locations of electron transition UV/VIS peaks of uncomplexed and with Fe** and Fe>*
ions complexed anchors dissolved at different pHs and in solvents, respectively. The molar ratio of anchors
s iron ions is I : 1. Some of the peaks are convoluted and only appear as shoulders (s).

| | pH=5 | pH=74 | ethanol [ DMF |

nitroDOPA/Fe?* 406
nitroDOPA/Fe3+ 644 broad 667 420/s
nitrodopamine/Fe?* broad 520/s
nitrodopamine/Fe’* | 466 broad 739 637
DOPA/Fe** 574

DOPA/Fe3+ 402/742 573 356/739 359
dopamine/Fe?* 575 471/602
dopamine/Fe>* 405/744 561 356 364
mimosine/Fe?* 396/463 | 395/452

mimosine/Fe>* 4513 4438 363 361

wavenumbers compared to the respective reference spectra. Interestingly, in contrast to
nitrocatechols, the C-O ring vibration of mimosine adsorbed on FezO4 NPs was closer
to that of mimosine complexed with Fe3* compared to mimosine/Fe?* complexes. This
indicates that mimosine binds directly to Fe3* (Figure ).

7.4 Optimizing Adsorption Conditions

To elucidate the role of adsorption conditions on the binding kinetics of these anchors to

Fe304 NPs, UV/VIS spectroscopy measurements on complexes of anchors with free iron

ions were performed (Figures[7.13] [7.14] [7.15|and Tables[7.1]and [7.2)). Primarily electron
transitions between the highest occupied molecular orbital (HOMO) and the LUMO were

investigated because these electron transitions provide insight into anchor-iron interac-
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Figure 7.13: UV/VIS spectra of anchors. Reference UV/VIS spectra of (a) nitroDOPA (b) nitrodopamine
(c) DOPA, (d) dopamine and (e) mimosine dissolved in Millipore water (pH around 5) (O), Tris buffer at
pH= 7.4 (-0-), Tris buffer at pH=12 (-A-), ethanol (-¢-) and DMF (-@-) respectively.
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Figure 7.14: UV/VIS spectra of anchor/Fe** complexes. (a) nitroDOPA (b) nitrodopamine (c) DOPA, (d)
dopamine and (e) mimosine complexed with F o2t Millipore water (-O-), Tris buffer (-O-), ethanol (-e-) and
DMF (-@-) respectively. The molar ratio of anchors : iron ions was 1 : 1. UV/VIS spectra were measured

1 h after complexation.
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Figure 7.15: UV/VIS spectra of anchor/Fe** complexes. (a) nitroDOPA (b) nitrodopamine (c) DOPA, (d)
dopamine and (e) mimosine complexed with Fe>* Millipore water (empty square), Tris buffer (-O-), ethanol
(-¢-) and DMF (-@-) respectively. The molar ratio of anchors : iron ions was 1 : 1. UV/VIS spectra were
measured 1 h after complexation.
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tions. Reference spectra were compared to UV/VIS spectra of anchors complexed with
Fe?* and Fe3* ions at different pHs and in organic solvents respectively.

The pH of Millipore water based complex solutions varied between 3 and 5. Tris has
been reported not to interfere with iron ions [449] and was chosen to buffer the solutions
to pH = 7.4. Furthermore, anchors were complexed with iron in organic solvents, namely
ethanol and DMF, because iron oxide NPs presented in chapter[6| were stabilized in these

solvents.

7.4.1 Nitrocatechols

The prominent peak located between 350 and 500 nm was assigned to the HOMO —
LUMO transition resulting from a charge transfer of the HOMO localized on the aromatic
ring of nitrocatechols to the LUMO mainly localized on the nitro group. The wavelength
of the HOMO — LUMO transition peak maxima increased from 350 nm at pH ~ 5 to 420
nm at pH ~ 7.4 and 500 nm at pH ~ 12. Considering the pK, values of nitrocatechols
(pKa1 ~ 6.5, pKyp ~ 10) [442] (Figure [7.1)), these peaks were assigned to the fully proto-
nated, once deprotonated and twice deprotonated state of nitrocatechols, respectively. A
comparison of the pH-dependent reference spectra of nitrocatechols aliquotted in aqueous
solutions to reference spectra of nitrocatechols dissolved in ethanol and DMF reveals that
nitrocatechols were fully protonated if dissolved in ethanol whereas a significant fraction
of nitrocatechols was once deprotonated if aliquotted in DMFE. While the peak locations
of nitroDOPA and nitrodopamine aliquotted in DMF were identical, relative peak inten-
sities differed markedly indicating that a higher amount of nitrodopamine was partially
deprotonated compared to nitroDOPA (Figure[7.13).

Nitrocatechol/Iron Complexes

1 h after complexation, changes in the HOMO — LUMO transition peak of Millipore
water based nitrocatechol/Fe?* complex solutions compared to the reference (free) ni-
trocatechol spectra were negligible (Table [7.1] and cf. Figure [7.13] and [7.14). This is
in contrast to nitrocatechols complexed with Fe3* where nitrocatechol/Fe3* interactions
were seen already 1 h after complexation (Figure [7.15). Well in agreement with FTIR
results, a significant broadening of the HOMO — LUMO peak became apparent 24 h af-

ter nitrocatechols were complexed with Fe2*. No further change in the UV/VIS spectra
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Figure 7.16: Time and temperature dependence of anchor/iron complexes. UV/VIS spectra of (a)
nitroDOPA/Fe?*, (b) nitroDOPA/Fe**, (c) nitrodopamine/Fe*, (d) nitrodopamine/Fe*, (e) DOPA/Fe**,
(f) DOPA/Fe**, (g) dopamine/Fe**, (h) dopamine/Fe**, (i) mimosine/Fe**, (j) mimosine/Fe>* complexes
dispersed in Millipore water after 1 h (-0-), 1 d (-2-) and 8 d (-o-) if kept at RT and after 1 d kept at 50°C
(-wv-) respectively. Uncomplexed anchors (-A-) are shown as reference.
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of nitrocatechol/Fe3* complexes was measured if these complexes were kept in Milli-
pore water at RT for 24 h compared to spectra taken 1 h after complexation (Figure
[7.16). These results indicate that fully protonated nitrocatechols interacted faster with
Fe3* compared to Fe2*. However, fully protonated nitrocatechols started to interact with
Fe?* within 24 h.

The different UV/VIS and FTIR peak locations and shapes of nitrocatechol/Fe* and
nitrocatechol/Fe3* complexes indicate different interactions of nitrocatechols with Fe2*
and Fe3*. Thus, time dependent changes in the UV/VIS spectra of nitrocatechol/Fe2+
complexes cannot be assigned to a nitrocatechol-independent oxidation of Fe2* to Fe3*
but should be ascribed to a slow reaction between nitrocatechols and Fe2* which is absent
if nitrocatechols are complexed with Fe3* as suggested in Figure .

Nitrocatechol Protonation State

HOMO — LUMO transition peaks of nitrocatechol/iron complexes were considerably
broader and shifted towards higher wavelengths already 1 h after complexation if once
deprotonated nitrocatechols were complexed with Fe?* compared to fully protonated
nitrocatechol/Fe?* complexes (Table Figure [7.14). Because deprotonated nitrocat-
echols interacted faster especially with Fe2* ions compared to the fully protonated ni-
trocatechols, their binding to Fe304 surfaces can be accelerated by choosing appropriate
solvents for their adsorption.

Furthermore, nitrocatechol adsorption on Fe3O4 NPs in a fully protonated form from
ethanol and in a partially once deprotonated form from DMF resulted in equal EPR and
FTIR spectra. Therefore it can be concluded that adsorption of nitrocatechols on Fe3zOy4
surfaces in a fully protonated form slows down their binding but does not prevent or alter
the nitrocatechol-iron interactions after adsorption is completed.

Deprotonation of nitrocatechols upon adsorption to iron oxide NPs is well in agreement
with literature where protons from alcohols of catechols have been reported to dissociate
upon adsorption on Ti0; [464-468]]. As is shown here, adsorption of catechol derivatives
is facilitated if these anchors are at least partially deprotonated already prior to adsorp-
tion. The NO, group lowers pK,; values of nitrocatechols to 6.7 [463]] compared to that
of catechols (pK,; > 8.5) [444]. Therefore, nitrocatechols can more readily bind to iron
ions and adsorb on iron oxide surfaces in a pH range between 6.5 and 9 compared to

catechols.
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7.4.2 Catechols

No differences between reference spectra of catechols were seen whether they were
aliquotted in Millipore water or Tris buffer respectively, indicating that they are proto-
nated under these conditions (Figure[7.13). This was expected considering their pK, val-
ues (pK, > 8.5) [444]. Furthermore, the absence of electron transfer peaks of Millipore
water based catechol/Fe?* complex solutions points to negligible interactions of catechols
with Fe2* ions if dispersed in Millipore water irrespective of complexation time (Figure
[7.14 and [7.16)), well in agreement with what has been reported [453]].

While UV/VIS spectra of nitrocatechols and mimosine complexed with iron ions did not
change significantly if kept at RT even after 8 d, the intensity of the 7 — 7* transitions
located at » 280 nm of complexed catechols decreased markedly if kept for 8 d at RT
indicating slow catechol degradation. This is well in agreement with FTIR results (Figure
[7.16)). Moreover, catechol degradation was accelerated if kept at 50°C, where no & — 7*

transition was seen after 1 d.

7.4.3 Mimosine

While UV/VIS spectra of Tris and Millipore water based mimosine/Fe3* complexes were
independent of the complexation time and temperature, the electron transfer peak of
mimosine/Fe2* complexes shifted towards that of the respective mimosine/Fe3* com-
plexes with increasing complexation time (Figure [7.16f). This might indicate oxidation
of Fe2* to Fe3* and hints to strong mimosine/Fe3* interactions but a low affinity of mi-

mosine to Fe2* which is in stark contrast to nitrocatechols.

7.5 Influence of the Anchor Binding Affinity on Fe;0,
Nanoparticle Stability

Whereas nitrocatechols have a high affinity to iron [469] and lead to good Fe304 NP
stability as was shown in chapter [0 catechols have been reported to undergo iron cat-
alyzed degradation [287] and thus lead to poor Fe304 NP stability. However, mimosine is
known to have a high affinity towards Fe3* [470] but only leads to intermediate Fe3O4 NP
stability if used as an anchor for grafting low M,, dispersants to NPs (chapter [6). To elu-
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Figure 7.17: UV/VIS of supernatant of PEG-anchor stabilized iron oxide NPs. UV/VIS spectra of the su-
pernatant of (a) PEG(5)-nitroDOPA, (b) PEG(5)-nitrodopamine, (c) PEG(5)-DOPA, (d) PEG(5)-dopamine
and (e) PEG(5)-mimosine stabilized iron oxide NPs (-o-) and as a comparison respective uncomplexed (-
A-), Fe*t (-0-) and Fe’* (-0-) complexed anchors. All solutions were Millipore water based and the molar
ratio of anchors:iron ions was 1 : 1.
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Figure 7.18: NEXAFS spectra of flat iron oxide surfaces coated with anchors. NEXAFS spectra of the
(a) O K-edge and (b) Fe L-edge of (A) mimosine and (B) DOPA adsorbed on flat Fe304 surfaces. (C)
Reference spectra of uncoated Fe304 surfaces.

cidate this apparent contradiction, UV/VIS spectra of anchor/iron complexes were com-
pared to spectra taken from supernatants of Fe304 NPs stabilized with PEG(5)-anchors
and dispersed in Millipore water. UV/VIS spectra revealed a charge transfer peak in su-
pernatants of Fe3O4 NPs stabilized with PEG(5)-mimosine identical to Millipore based
mimosine/Fe3* complexes (Figure . This close similarity suggests that the strong
complexation of PEG(5)-mimosine rips out Fe3* ions from the NP surface. As a result,
PEG(5)-mimosine/Fe3* complexes are free in solution which leads to a loss of dispersants
from the NP surface and a gradual Fe3O4 NP dissolution. This likely is the reason for only
intermediate stability of PEG(5)-mimosine stabilized NPs. No such PEG(5)-anchor/iron
ion complexes were found in supernatants of PEG(5)-nitrocatechol or PEG(5)-catechol
stabilized Fe3O4 NPs (Figure[/.177).

Further evidence for iron oxide dissolution upon adsorption of mimosine is given by
NEXAFS recorded on flat, magnetron sputtered FezO4 surfaces coated with mimosine
and DOPA, respectively. NEXAFS spectra of the O K-edge and Fe L-edge of DOPA
coated flat Fe3O4 surfaces closely resembled those of uncoated reference samples (Figure
[7.18). This indicates that no significant change of iron oxide surfaces occurred upon ad-
sorption of DOPA. However, clear differences were apparent for mimosine coated Fe3O4
surfaces.

The decrease in intensity of the peak at 530 eV (1) and the appearance of the peak at
532 eV (2) in the O K-edge NEXAFS spectra of mimosine coated FezO4 surfaces was
evidence for a change in the iron oxide stoichiometry and suggested the appearance of

an oxide species with a lower electron density (Figure[7.18p) [471-473]. The more pro-
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Figure 7.19: Cartoon of binding of different anchors to FezO4 NPs. While catechols bind weakly and
reversibly to iron oxide NPs, the binding affinity of mimosine is high enough to remove Fe** ions through
complexation which gradually dissolves iron oxide NPs. Nitrocatechols have an intermediate affinity to
iron oxide NPs and strongly adsorb on Fe304 NPs without dissolving them. R = H for dopamine and
nitrodopamine and R = COOH for DOPA and nitroDOPA respectively.
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Figure 7.20: XRD of iron oxide NPs synthesized in the oil bath. As-synthesized iron oxide NPs synthesized
in the oil bath with a mean radius of (A) 5 nm and (B) 13 nm. (C) 5 nm and (D) 13 nm NPs after stabilization
with PEG(5)-nitroDOPA. As a reference, (E) PEG(5)-nitroDOPA is shown.

nounced shoulder at the Fe L-edge at 710 eV (1) and the different ratios of the two con-
voluted peaks around 722 eV (2) indicated that some surface iron atoms had a higher
electron density after the adsorption of mimosine compared to reference Fe304 surfaces
(Figure ). If mimosine partially dissolved iron oxide surfaces by removing Fe3*,
the remaining surface would be depleted of iron ions. The resulting excess of electrons
would increase the electron density at the remaining surface iron atoms. This could ex-
plain the changes at the Fe L-edge of mimosine coated iron oxide surfaces observed in
Figure [7.18b. Thus NEXAFS results are well in agreement with UV/VIS results where
dissolution of iron oxide surface upon adsorption of mimosine was shown (Figure [7.17).
These NEXAFS results further indicate that the iron oxide dissolution induced by mimo-
sine adsorption is independent of the surface curvature, which is high on NPs and very
low on flat surfaces. Thus, as already indicated above, the binding affinity of anchors to
Fe30,4 cannot be maximized as this leads to a gradual degradation of the Fe30, surface.
The anchor binding affinity rather has to be optimized such that it is high enough to pre-
vent reversible dispersant adsorption but it is still should be below the threshold where
anchors start to dissolve Fe304 surfaces (Figure[7.19).

7.6 Influence of nitroDOPA on Saturation Magnetization

As described in section [5.5.1] the saturation magnetization of superparamagnetic NPs is
considerably below that of the respective bulk material [35]. This might partially be as-

signed to surface anisotropy effects [36]. However, it has often been reported that the sat-
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Figure 7.21: XRD of iron oxide NPs synthesized in the MW. The XRD spectra of (A) as-synthesized and
(B) PEG(5)-nitroDOPA stabilized iron oxide NPs heated in the MW for 3 min. (C) PEG(5)-nitroDOPA is
shown as a reference.

Table 7.3: Saturation magnetizations (M) of Fe304 NPs synthesized with the non-aqueous sol-gel method.

heating method | reore (nm) M, of uncoated | My of PEG(5)-

during synthesis NPs (emu/gr,,0,) | niroDOPA
stabilized = NPs
(emu/gre,0,)

MW 4.0 16.3 10.5

MW 7.0 44.4 29.9

oil bath 2.1 43.5 31.5

oil bath 4.5 47.5 38.8

uration magnetization of superparamagnetic iron oxide NPs further decreases upon steric
stabilization [35) 474]. The decreased saturation magnetization for sterically stabilized
NPs might at least partially be attributed to the interactions between anchors and surface
iron ions. According to EPR results, nitroDOPA magnetically decouples surface Fe(III)
(Figure[7.3). To see, if these distortions of surface Fe(III) ions affect the saturation mag-
netization of PEG-nitroDOPA stabilized NPs, the magnetization of PEG(5)-nitroDOPA
stabilized Fe304 NPs was compared to that of the respective uncoated NPs. To check,
if potential differences in the magnetization curves of PEG(5)-nitroDOPA stabilized and
unstabilized iron oxide NPs can be related to stabilization effects rather than to changes
in the crystal structure of the iron oxide cores, XRD spectra of stabilized NPs were com-
pared to those of unstabilized counterparts.

As can be seen in Figures and the inverse spinel structure of Fe304 NPs is
retained upon stabilization with PEG(5)-nitroDOPA. The additional peak at 23 ° seen
for NPs stabilized with PEG(5)-nitroDOPA can be assigned to scattering of PEG(5)-

nitroDOPA. The sensitivity of XRD, however, is too low to detect changes in the surface
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Figure 7.22: VSM measurements of iron oxide NPs. VSM was measured on iron oxide NPs (a) synthesized
in the oil bath with a core radius of 5 nm (-m-) and 2.5 nm (-®-) and (b) in the MW with an average
core radius of the larger fraction of 7 nm (-m-) and 3 nm (-@-) on uncoated (filled symbols) and PEG(5)-
nitroDOPA stabilized (empty symbols) iron oxide NPs.

layers of these NPs, which might occur upon adsorption of PEG-nitroDOPA. Therefore,
potential differences in magnetic properties of stabilized compared to unstabilized NPs
are most likely related to surface effects induced through the adsorption of nitroDOPA
on the iron oxide surface. Additionally, changes in magnetic interactions might also be
assigned to decreased interparticle interactions because stabilized NPs are spatially sep-
arated from each other, in contrast to as-synthesized NPs. However, a phase transition
of the iron oxide cores from Fe304 to y-Fe, O3 cannot be excluded based on these XRD
measurements.

The saturation magnetization of iron oxide NPs synthesized in the MW decreased by 37
9% and 33 % for 4 and 7 nm core radius NPs upon stabilization with PEG(5)-nitroDOPA
whereas that of iron oxide NPs synthesized in the oil bath decreased by 28 % and 18 %
for 2.5 and 5 nm core radius NPs (Table [7.3)). The resulting saturation magnetizations are
in the range reported by Gupta et al. for sterically stabilized NPs [233] but well below
values reported by others for iron oxide NPs with similar core size iron oxide NPs (70
emu/g(Fe30y4) for oleic acid stabilized [475] and » 60 emu/g(Fe304) for PMAA coated
[474]).

7.6.1 Surface Effects on Saturation Magnetization

If it is assumed that the decrease in saturation magnetization can be solely assigned to

surface effects, the non-magnetic layer of NPs synthesized in the oil bath would be 0.3
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nm, irrespective if PEG(5)-nitroDOPA was adsorbed on 2.5 nm or 5 nm core diameter
NPs. Considering that magnetite has an inverse spinel structure with a lattice constant of
0.8397 nm [476], the magnetically dead layer would correspond to ~ 1/3 of a lattice con-
stant or approximately the distance between two adjacent Fe centers in the [221] direction
(342]].

However, the density of iron ions at the surface greatly exceeds that of nitrocatechols.
Thus, not all surface iron ions interact with nitrocatechols. Furthermore, for these calcu-
lations, NPs were assumed as spheres. Considering the irregular shape of the NPs and
their surface roughness, the actual surface area was underestimated in these calculations.
Therefore, the average thickness of a magnetically dead layer as it was calculated here can
only be taken as a rough estimate. Nevertheless, the decreased saturation magnetization of
Fe304 NPs upon stabilization with PEG(5)-nitroDOPA supports EPR results where strong
interactions of nitroDOPA with iron oxide surfaces was shown. This strong interaction
not only distorts surface Fe(III) ions as was shown in this chapter (Figure [7.3)), but also
influences the magnetic properties of the outermost atomic layers of PEG(5)-nitroDOPA

Fe304 cores.

7.7 Summary

The addition of electronegative groups such as a NO, to the catechol ring greatly en-
hances electronic interactions between these anchors and iron ions in solution as well as,
importantly, to Fe3O4 NP surfaces. As a result, catechol derivatives that are electroneg-
atively substituted lead to greatly enhanced Fe30O4 NP stability if covalently linked to
a spacer molecule such as PEG. NitroDOPA (and nitrocatechols in general) was shown
to bind to Fe(Il) leading to strong electron delocalization. As a result of these electron
delocalizations, the electron density was increased on the nitrocatechols, as was shown
with EPR and FTIR, whereas the electron density at surface iron sites was reduced. As
a result of the firm adhesion of nitroDOPA to Fe3Oy4 surfaces, a magnetically decoupled,
rhombohedrally distorted Fe(III) signal with g = 3.9 was measured with EPR upon ad-
sorption of PEG(5)-nitroDOPA to Fe304 NP surfaces. The magnetic decoupling is also
believed to be one of the reasons for the observed decreased saturation magnetization of
PEG-nitroDOPA stabilized NPs compared to unstabilized counterparts.

The significance of this strong electron delocalization on the binding affinity of said an-

chors and thus on the NP stability was illustrated when comparing Fe3O4 and Fe,O3 NPs.
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In the latter case, no Fe(Il) was available for donating electrons to undergo strong elec-
tron delocalization reactions between surface bound Fe(II) ions and nitroDOPA. Thus, no
rhombohedrally distorted Fe(III) signal at g = 3.9 was measured with EPR and the corre-
sponding stability of PEG(5)-nitroDOPA coated NPs was poor.

The addition of an electronegative NO, group to the catechol ring enlarges the conjugated
electron system of the resulting nitrocatechols compared to the unsubstituted catechols.
This facilitates electron transfer reactions with surface iron ions. The facilitated electron
transfer reactions are responsible for exceptionally strong binding of nitrocatechols to
Fe304 surfaces.

Furthermore, electronegatively substituted catechols are less prone to oxidation compared
to catechols. Oxidative degradation of catechols to semiquinones leads to a poor bind-
ing affinity of the degraded anchors to Fe304. However, no such reaction was seen for
nitrocatechols adsorbed on Fe3zO4 surfaces. In summary, electronegative aromatic ring
substituents such as NO; enhance their binding affinity towards Fe3zO4 surfaces through
both, a facilitated electron delocalization between the anchors and surface iron ions, and
by preventing an oxidative degradation of anchors.

Catechol derivatives interact faster and stronger with iron ions, if they are partially de-
protonated prior to their adsorption or complexation. Furthermore, it has been shown that
they adsorb best if the IEP of the oxide is close to the pK,; of the catechol derivative
[301]. Electronegative substituents such as NO,, which are directly bound to the catechol
ring, lower their pK,; value to ~ 6.5 [442]. Thus, nitrocatechols bind faster if they are
adsorbed at 6.5 < pH < 9 or in organic solvents such as ethanol, where they were shown
to be partially deprotonated.

Important in the context of optimization of dispersant anchors for steric stabilization of
NPs, our findings demonstrate that there is an optimal (rather than maximal) binding affin-
ity of anchors towards the metal ion of iron oxide NPs. Whereas low binding affinities
of anchors to iron oxide surfaces lead to reversible adsorption and thus poor NP stability,
too high binding affinity resulted in gradual FezO4 NP dissolution as was exemplified
for mimosine. In the latter case mimosine/Fe3* complexes were found in the supernatant
of PEG(5)-mimosine stabilized Fe304 NPs. Thus, the affinity should be high enough to
ensure essentially irreversible adsorption in the salt, temperature and pH range in which
sterically stabilized NPs will be applied, but below the limit that causes substrate dissolu-
tion through complex formation. NitroDOPA was shown to fulfill these requirements for

the conditions relevant for biomedical and biotechnologic applications.






CHAPTER 8

lron Oxide Nanoparticle Shell

8.1 Background

Apart from the choice of suitable anchors, spacers are a key aspect for the stability of
sterically stabilized NPs. While anchors have to firmly bind molecules to the NP surfaces,
spacers have to prevent that NPs get into too close proximity where attractive Van-der-
Waals forces become predominant and drive their agglomeration.

It would greatly facilitate the design and optimization of sterically stabilized core-shell
NPs if inter-particle potentials could be calculated. Such calculations, however, require
knowledge of the dispersant layer thickness, packing density and the dispersant density
profile [195) 477]]. To this end, these parameters were investigated as function of the
spacer molecular weight (M,,), in our case the M,, of PEG on two different core sizes,
with DLS, TGA and SANS and are presented in this chapter.

8.1.1 Polymer Density Profile on Flat Surfaces

Numerous theoretical [208, 478,479,481, 1482]] and experimental studies have been pub-
lished on the density profile of polymers adsorbed on flat surfaces. De Gennes used
scaling theories to predict the density profile of polymers adsorbed on flat surfaces. He
assumed that all chain ends are located at the interface resulting in a step-function poly-
mer density profile (Figure 8.1) [208]. Based on such profiles, an inter-particle potential,
that takes Van-der-Waals attraction and steric repulsion potential into account, has been

shown to result in a logarithmic decay with inter-particle distance [477/]].
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Figure 8.1: Dispersant density profiles. Different dispersant density profiles are compared, namely the
step-function profile predicted by de Gennes et al. [208] (black), the parabolic density profile (green)
calculated from the MWC theory [478)1479], the density profile of chain ends that decays like a Gaussian
curve (magenta) if the maximum of the latter is translated to D = 0 predicted by Dan er al. [480] and an
exponential dispersant density decay where the exponent o is > 0 (red) and

Theoretical self-consistent field (SFC) theory calculations were used to refine this step
profile by relaxing the stringent requirement that chain ends are located at the interface.
This resulted in the Milner, Witten, Cater (MWC) theory where a parabolic polymer den-
sity profile was found (Figure [478, 1479, 1482]. Shim and Cates further refined this
model by taking into account the finite extensibility of the polymer chains and extended
it to high polymer coverages. Based on these refined models it was found that with in-
creasing surface coverage, the density profile changes from a parabolic to a step-function
profile for tightly packed, highly stretched polymers [483]. More than 10 years later,
a Monte-Carlo simulation revealed deviations from the parabolic density profile namely
that the density profile has a smooth tail and a depletion zone close to the surface if PEG

is dissolved in a good solvent [484]].

8.1.2 Polymer Density Profile on Highly Curved Surfaces

If the dispersant layer thickness is much smaller than the core diameter, steric repulsion
potentials of NPs can be derived from those of flat surfaces based on scaling theories
and the Derjaguin approximation. However, this theory fails if the dispersant chain di-
mensions approach or exceed the core diameter [480, 485, 486], conditions usually met
if NPs are sterically stabilized in aqueous media. As a result, the Derjaguin approxima-
tion has been adapted for polymers adsorbed on curved surfaces. Nevertheless, it is most

accurate for core sizes that largely exceed the dimensions of dispersants [487]].
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Figure 8.2: Cartoon of the blob model assumed in the scaling theory. In the scaling theory, polymers
adsorbed on a NP with radius r are divided into so-called blobs with the blob size /.

Scaling Theory

Scaling theory describes the behavior of semidilute polymer solutions where the polymer
chain is divided into so-called blobs with a length /;, that increases with increasing distance
to the NP core (Figure [8.2). Within a blob, the polymer chains undergo self-avoiding
walk. Blobs are assumed to act as hard spheres that do not allow adjacent chains to
interact [208], 487]. The scaling theory predicts the dependence of the layer thickness
from the solvent quality, polymer chain length and stiffness [196]]. A very early study
reported by Alexander claimed that the density profile of non-interacting chains adsorbed
on NPs decayed exponentially. Furthermore, the brush thickness was reported to linearly
depend on the polymer M,, [488]. Thus, this and follow-up studies provided evidence
that the density profile of dispersants adsorbed on the NPs obtained from scaling theories

differs from that of polymers adsorbed on flat surfaces [489].

Self-Consistent Field Theory

While the scaling theory is comparably easy to apply, it does not reveal insights into
inter-chain interactions [196] and results in a qualitatively wrong density profile [490].

If more detailed information about the dispersant density profile on NPs is warranted, a
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self-consistent field (SCF) theory such as the MWC theory has to be applied [487]. Ball
et al. who used the SCF theory [491] and Li et al. who compared the SCF theory to
exact solutions obtained by minimizing the free energy [490] found that in the limit of
low dispersant packing densities and high dispersant M,,s, the density profile close to the
NP interface is depleted from free polymer chain ends. The thickness of this depletion
layer described by Li ef al. [490] was well in agreement with that found by Monte Carlo
simulations [485]].

Next to the fact that the depletion zone of free polymer chain ends was neglected, all
models established for the polymer density profile on flat surfaces assumed negligible
interchain penetration. While this assumption holds for long chains and low packing
densities, short chains significantly interpenetrate adjacent chains. This chain interpene-
taration leads to a parabolic density profile that asymptotically decays to zero at the end.
For polymer chains shorter than 1000 repeat units, this change in the polymer density
profile leads to an earlier and gradual onset of repulsive inter-particle forces compared to
a parabolic polymer density profile [492]. It is thus of significance for the prediction of
inter-particle forces.

Furthermore, the asymptotic decay of the polymer brush becomes increasingly important
with decreasing core radius. According to a modified SCF theory, the dispersant den-
sity profile decreases faster and thus the dispersant layer thickness becomes thinner with
decreasing NP core radius [487,1493]]. The faster decay of the dispersant density profile
with decreasing core radius was confirmed by Monte Carlo simulations [485]. Dan et
al. claimed the density profile of free chains to decrease like a Gaussian curve when the
maximum of the Gaussian curve is translated to D = 0 nm (denoted as Gaussian profile)
(Figure if the dispersant layer thickness approached the core radius [480]. Later, this
density profile has been revised. It was predicted that the dispersant density profile un-
dergoes a smooth change from a parabolic decay at low surface curvatures and for small
or stiff dispersants to a power law decay similar to that of star polymers if dispersants are
adsorbed on highly curved surfaces or if dispersants are flexible [[196, 487].

In summary, despite the numerous theoretical [494, 495]] studies on the density profile
of polymers adsorbed on highly curved surfaces and experimental investigations of the
density profile of block-co-polymers and star-polymers [496-498]] the density profile of
polymers adsorbed on highly curved surfaces is still debated. One of the main reasons
for the in-conclusive literature might be the lack of experimental data on dispersants ir-
reversibly grafted to highly curved surfaces. Reversible dispersant adsorption is likely to

change the dispersant density profile as the latter is dependent on the dispersant packing
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density. Moreover, dispersant density profiles often are investigated with scattering tech-
niques [496-498||. However, desorbed dispersants also scatter and therefore contribute to
the total scattering curve measured for core-shell NPs. These desorbed dispersants thus
hamper the analysis of scattering data.

As was shown in chapters [6|and [7} nitroDOPA can irreversibly bind dispersants to FezO4
NP surfaces. Thus, this anchor potentially allows to experimentally assess the disper-
sant density profile on Fe304 NPs. This would be highly interesting because, as will be
shown below, the dispersant density profile critically affects inter-particle potentials and
therefore NP stability. The design of sterically stabilized core-shell NPs could be greatly
facilitated and improved if one could theoretically calculate the inter-particle potential and
therefore NP stability prior to the assembly of NPs. A the simple approach to calculate

inter-particle interaction potentials is described next.

8.2 Calculations of the Inter-Particle Interaction Poten-

tial

Generally, the inter-particle potential of magnetic NPs is composed of four main con-
tributions, namely the attractive Van-der-Waals potential (Uyqw), the attractive magnetic
potential (Unag), the repulsive electrostatic potential (Ugjectrostatic) and the repulsive steric
potential (Usgeric) [499H501]]

Utot = Uvaw + U, mag + Uelectrostatic + Usteric- 8.1)

8.2.1 Van-der-Waals Potential

The attractive inter-particle Van-der-Waals potential is based on permanently and tem-
porarily induced dipolar interaction potentials and a dispersion interaction potential. The
latter is a measure of the energy change if an object interacts with the solvent rather than
with itself [206]].

In contrast to the Van-der-Waals attraction energy between molecules that decays with
D%, where D is the inter-particle distance, the Van-der-Waals attraction energy between
two NPs is o< D=2 (equation . To account for longer range attractive inter-particle in-

teractions, the retarded Van-der-Waals interaction potential can be calculated [499, 500]]
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where Ac¢r is the retarded Hamaker constant defined as
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r the core radius, € (0) the dielectric constant which is 20’000 for Fe3;O4 [502] and
80 for water [499]], ng the refractive index taken as 1.970 for Fe304 and 1.333 for water
[230], f the frequency of the dominant relaxation in the UV region (1.88 x 1016 rad/s), H
the Hamaker constant and ¢ the speed of light.
The Van-der-Waals forces of core-shell NPs have been shown to be significantly influ-
enced by the attraction forces of the shell given that the dielectric properties of the shell
are sufficiently different from those of the media NPs are dispersed in. However, they
usually do not contribute significantly to the overall inter-particle potential [5S03, 504].
Because the dielectric properties of PEG (n = 1.36) [505] are close to those of water (n =
1.33), the Van-der-Waals attraction potential of the shells was neglected for the following

calculations as was suggested by Bevan etz al. [503].

8.2.2 Magnetic Potential

The magnetic inter-particle potential can be quantified using [499H501]]

8T oroM?

8.6
9(D+2r)° ®0

Umag ==

where L is the permeability of free space and M, the saturation magnetization.
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8.2.3 Electrostatic Potential

The electrostatic potential can be described as [500]
Ukelectrostatic = 27T7€-€) Czln ( 1+e *(P-D) ) (8.7)

where the Debye length k is defined as

_ Zpooiezz'z

1 i

K = _ 8.8
\| eegkpT (8.8)

{ is the zeta potential, L the dispersant layer thickness, e the electron charge, z the valency

of the ions and p..; the ion concentration.

8.2.4 Steric Potential

As described above, the steric repulsion potential qualitatively and quantitatively depends
on the dispersant density profile [195]. Therefore, inter-particle potentials arising from
the two most often used packing density profiles, the de Gennes step-function and the

parabolic packing density profile, are compared.

Steric Potential According to the de Gennes Theory

Because of the simplicity of the de Gennes step-function density profile [208]], it is often
used to calculate inter-particle interactions despite the consensus that the boundary con-
dition where all chain ends are presented at the NP interface is inappropriate.

Using the de Gennes model, the dispersant layer thickness can be approximated as

1 (2) &6 9)

where R is the radius of gyration of the polymer [S00] defined as [200, 207]

Rg=7| = 2= 7e?). (8.10)
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7 is the position of the polymer segment and 7, the center of gravity of this polymer.

The steric repulsion potential can then be calculated with [500, 506

Zf(r)? ( (% )) for D<L
Usteric = 2 (8.11)
5 3 L, VI (D-L)
Ef(l’) o f( ) B 20 D>L
2
r) is the number of dispersants per efined as
is th ber of disp per NP defined
f(r) =47r’nagg (8.12)

with n,g, being the dispersant packing density.

Steric Potential According to the SCF Theory

In the SCF theory, the dispersant layer thickness can be calculated based on the MWC
theory using [479]

1 1
81\3 5 1 Vv, \3
L= (;) Naan;gg(a—g) (8.13)

where N is the number of repeat units, a the length of one repeat unit (r.u.) (0.38 nm
for PEG) [507,508] and ng= a3 the free volume of a r.u. [479].
The resulting steric potential is defined as [495, 501]

00 for D<2r
Usteric = {Up (=In(y) =2 (1-y) + 1 (1-33) =55 (1-)°)) for 2r<D<2(r+L) (8.14)
0 for D>2(r+L)
where Do
—4r
= 8.15
Y= 51 (8.15)

and

Up=|—=——]aL 8.16
0 ( 12N p2 a (8.16)
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8.2.5 Total Inter-Particle Potential Using the MWC Theory

As can be seen in Figure the inter-particle potential of PEG(5)-nitroDOPA stabilized
NPs is dominated by the steric repulsion potential at inter-particle distances larger than 1
- 4 nm, dependent on the core size. These potentials were calculated using the parameters
summarized in Table [8.1] As expected, the electrostatic potential of these NPs, which
are surrounded by a PEG(5)-nitroDOPA monolayer that effectively screens the surface
charge, is negligible. The magnetic interaction potential of Fe3O4 NPs with a core radius
of 5 nm is more negative and protrudes farther from the NP surface compared to the Van-
der-Waals potential, in stark contrast to the 2.5 nm core radius NPs.

A comparison between PEG-nitroDOPA stabilized 2.5 nm and 5 nm core radius NPs re-
veals that the latter are more difficult to stabilize (Figures and [8.5). Not only is the
Van-der-Waals attraction potential more negative for 5 nm core radius NPs but also the
magnetic attraction potential of 5 nm core radius NPs is more attractive than that of 2.5
nm NPs. The latter is due to the higher M; of the 5 nm compared to the 2.5 nm core radius
NPs. Thus, achieving good stability, especially of magnetic NPs, gets increasingly diffi-
cult with increasing core size and requires higher dispersant packing densities and M,,,s.
While PEG(0.8)-nitroDOPA stabilized NPs are expected from Figure [8.4h to be unstable
irrespective of the dispersant packing density for both core sizes, PEG(1.5)-nitroDOPA
stabilized NPs might temporarily be stable at room temperature (Figure [8.4b). How-
ever, the energy barriers of iron oxide NPs stabilized with 3 PEG(1.5)-nitroDOPA
molecules/nm? are with 14 kT and 52 kgT for 5 nm and 2.5 nm core radius NPs rel-
atively low. Therefore, NP agglomeration is expected if they are stored for prolonged
times even if PEG(1.5)-nitroDOPA is densely packed at the NP surface (Figures 8.4 and
[8.5). However, NPs stabilized with PEG(5)-nitroDOPA and PEG(10)-nitroDOPA are ex-

pected to be stable also at elevated temperature if the dispersant packing density is > 1

molecule/nm? (Figures [8.4]and [8.5).
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Figure 8.3: Inter-particle potential calculated with the SCF theory for PEG(5)-nitroDOPA stabilized NPs.
The total inter-particle potential (black) is shown as the sum of the Van-der-Waals potential (red), mag-
netic potential (magenta), steric potential (green) and electrostatic potential (blue). These potentials were
calculated for (a) 5 nm core radius and (b) 2.5 nm core radius Fe3O4 NPs stabilized with 1 molecule/nm?
PEG(5)-nitroDOPA.
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Figure 8.4: Inter-particle potential calculated with the SCF theory for 5 nm core radius NPs. The inter-
particle potential calculated using the SFC theory of 5 nm core radius iron oxide NPs stabilized with (a)
PEG(0.8)-nitroDOPA, (b) PEG(1.5)-nitroDOPA, (c) PEG(5)-nitroDOPA and (d) PEG(10)-nitroDOPA for
dispersant packing densities of 0.5 molecule/nm? (black), 1 molecule/nm” (red), 2 molecules/nm” (green)
and 3 molecules/nm?> (blue).
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Figure 8.5: Inter-particle potential calculated with the SCF theory for 2.5 nm core radius NPs. The inter-
particle potential calculated using the SFC theory of 2.5 nm core radius iron oxide NPs stabilized with (a)
PEG(0.8)-nitroDOPA, (b) PEG(1.5)-nitroDOPA, (c) PEG(5)-nitroDOPA and (d) PEG(10)-nitroDOPA for
dispersant packing densities of 0.5 molecule/nm? (black), 1 molecule/nm” (red), 2 molecules/nm” (green)
and 3 molecules/nm? (blue).
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8.2.6 Total Inter-Particle Potential Using the de Gennes Theory

In contrast to the inter-particle potential calculated using the SCF theory, the inter-particle
potential calculated according to the scaling theory, that assumes a step-function disper-
sant density profile, ends rather abruptly at inter-particle distances slightly larger than Rr
of the dispersants (Figure [8.6). This is a consequence of the dispersant density profile
that implies an abrupt ending of the dispersant layer and thus of the steric repulsion po-
tential. Given the opinion that the density profile of polymers adsorbed on NPs cannot
be described with the de Gennes theory, the abrupt decay of the inter-particle potential
is rather unrealistic. Nevertheless, dispersant density and NP interaction profiles are still
often discussed in the framework of the de Gennes theory. However, the large differences
in inter-particle potentials calculated using the SCF and de Gennes theory, respectively
(cf. Figures and [8.06)), illustrates the importance of the dispersant density profile for
calculating the inter-particle potentials. These potentials are of high interest for many

applications especially for ferrofluids.

8.3 Experimental Studies on the Dispersant Density Pro-
file

Experimental studies of the dispersant density profile have often been performed on star
polymers [506], block-co-polymers [494] and on core-shell NPs where the shell consisted
of high M,, dispersants that had no well defined high affinity anchor [500,501]]. However,
reversible dispersant adsorption will alter the dispersant density profile and reduces NP
stability as was shown in chapters [6| and

The irreversible binding of nitroDOPA to Fe3zO4 allows to experimentally investigate the
influence of the dispersant M,, on the dispersant packing density, layer thickness, density
profile and its consequences for the NP stability. For this purpose, Fe304 NPs with core
radii of 2.5 nm and 5 nm respectively, synthesized by the non-aqueous sol-gel method in
the oil bath (section[3.2.4)), were stabilized with PEG-nitroDOPA where the PEG M,, was
varied between 0.8 kDa and 20 kDa (section [3.3.2)).
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Figure 8.6: Inter-particle potential calculated with the scaling theory. The inter-particle potential of 5 nm
core radius iron oxide NPs stabilized with (a) PEG(0.8)-nitroDOPA, (b) PEG(1.5)-nitroDOPA, (c) PEG(5)-
nitroDOPA and (d) PEG(10)-nitroDOPA for dispersant packing densities of 0.5 molecule/nm? (black), 1
molecule/nm? (red), 2 molecules/nm? (green) and 3 molecules/nm? (blue).

8.4 Ultra-Stable Iron Oxide Cores

8.4.1 Effect of the PEG M,, on Nanoparticle Stability

As can be seen in Figure [8.7, the hydrodynamic radius of iron oxide NPs synthesized
in the oil bath and stabilized with PEG-nitroDOPA increased with increasing PEG M,,
irrespective whether the core radius was 2.5 nm or 5 nm. The small hydrodynamic radii
and good correlation between the increase in hydrodynamic radius with increasing dis-
persant M,, indicate that, with one exception, NP cores could be individually stabilized.
The exception are PEG(0.8)-nitroDOPA stabilized 2.5 nm core radius NPs. The similar
hydrodynamic radii of PEG(0.8)-nitroDOPA and PEG(1.5)-nitroDOPA stabilized 2.5 nm
radius cores suggest that PEG(0.8)-nitroDOPA stabilized NPs were slightly agglomerated

already at room temperature. The free volume available to one dispersant increases by a
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Figure 8.7: Volume weighted size distribution of iron oxide NPs stabilized with PEG-nitroDOPA. Iron
oxide NPs with a core radius of (a) 5 nm and (b) 2.5 nm were stabilized with PEG(10)-nitroDOPA (-*-
), PEG(5)-nitroDOPA (-0-), PEG(1.5)-nitroDOPA (- A-) and PEG(0.8)-nitroDOPA (-0-) and dispersed in
Tris containing 160 mM NaCl.

factor of two at a distance of 0.6 nm from the NP surface. Therefore, steric inter-chain
repulsions, that would lead to a partial stretching of the chain and thus to a thicker dis-
persant layer, are most likely negligible. Thus, the low M,, of PEG(0.8) likely results
in a too thin dispersant layer, not able to prevent NP agglomeration. On the other hand,
PEG(20)-nitroDOPA stabilized NPs did not pass 200 nm cut-off filters indicating that they
instantaneously agglomerated. Thus, these NPs could not be further characterized.

Differences in NP stability for different PEG M,,s became even more apparent at elevated
temperatures. While NPs remained stable in Tris buffer containing 160 mM NaCl up to 90
°C if coated with PEG(5)-nitroDOPA and PEG(10)-nitroDOPA, they started to agglomer-
ate around 80 °C and 60 °C respectively if 5 nm core radius iron oxide NPs were stabilized
with PEG(1.5)-nitroDOPA and PEG(0.8)-nitroDOPA and around 65 °C and 35 °C respec-
tively if 2.5 nm core radius iron oxide NPs were stabilized with PEG(1.5)-nitroDOPA and
PEG(0.8)-nitroDOPA (Figure [8.8). The decrease in NP stability with decreasing disper-
sant M,, is well in agreement with the theoretical predictions (Figures [8.4]and [8.5).

That 2.5 nm core radius NPs start to agglomerate at lower temperatures compared to the
5 nm core radius counterparts might be related to the stabilization protocol. Irrespec-
tive of the core radius, the weight ratio of NPs : dispersant was kept constant at 1 : 6
(section [3.3.2). However, assuming that the NP surface is smooth, this results in a ~ 10
times higher NP surface area per mg NPs for 2.5 nm compared to 5 nm core radius NPs.
Furthermore, TEM images indicated a rougher surface and less spherical shape of the 2.5

nm compared to the 5 nm cores (Figure [5.21). Both effects further increase the effective
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Figure 8.8: DLS of PEG-nitroDOPA stabilized iron oxide NPs as function of temperature. The (a), (c)
hydrodynamic radius and (b), (d) the corresponding normalized count rates of (a), (b) 5 nm and (c), (d)
2.5 nm core radius iron oxide NPs stabilized with PEG(10)-nitroDOPA (-*-), PEG(5)-nitroDOPA (-m-),
PEG(1.5)-nitroDOPA (-A-) and PEG(0.8)-nitroDOPA (-0O-) dispersed in Tris containing 160 mM NaCl.
After stabilization, iron oxide NPs were dispersed in Millipore water and centrifuged for 1 h at 13’400 rpm.
DLS was measured on the NP fraction that did not sediment during centrifugation. Statistics was done on
4-7 samples.

surface area of the 2.5 nm core radius NPs. Thus, the surfaces of 2.5 nm core radius NPs
might not have been saturated with dispersants during stabilization. The lower dispersant
packing density might then be the reason for the inferior stability of 2.5 nm compared to
5 nm core radius NPs. To relate the NP stability to the dispersant packing density, the
dependence of the dispersant packing density on the core size and M,, PEG, quantified
with TGA, is described next.

8.4.2 Effect of the PEG M,, on the Dispersant Packing Density

According to TGA, and in view of the large scattering of experimental data, the PEG-
nitroDOPA packing density (PEG chains/nm?) on 5 nm core radius NPs is within the
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Figure 8.9: TGA and DSC measurements of iron oxide NPs synthesized in the oil bath and stabilized with
PEG-nitroDOPA. (a), (c) TGA and (b), (d) DSC measurements of (a), (b) 5 nm core radius and (c), (d)
2.5 nm core radius iron oxide NPs synthesized in the oil bath stabilized with PEG(10)-nitroDOPA (-*-),
PEG(5)-nitroDOPA (-m-), PEG(1.5)-nitroDOPA (- A-) and PEG(0.8)-nitroDOPA (-O-).
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Figure 8.10: Packing density of PEG-nitroDOPA adsorbed on iron oxide NPs synthesized in the oil bath.
The (a) PEG-nitroDOPA and (b) ethylene glycol packing density adsorbed on 5 nm core radius (-m-) and
2.5 nm core radius (-@-) iron oxide NPs synthesized in the oil bath was quantified with TGA as a function
of the PEG M,,. Statistics was done on 2-10 samples. As comparison the density of PEG(5)-nitroDOPA
adsorbed on flat iron oxide surface reported in Tablel@ is shown ().
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experimental error independent on the PEG M,, in a range of 1.5 kDa < M,, < 10 kDa (2.2
+0.8nm2,33 £ 1.3 nm 2 and 4.2 + 1.9 nm=2 for PEG(1.5)-, PEG(5)- and PEG(10)-
nitroDOPA). However, it is significantly lower for PEG(1.5)- compared to PEG(5)- and
PEG(10)-nitroDOPA stabilized 2.5 nm core radius NPs (0.6 + 0.2 nm=2, 2.0 = 0.1
nm~2 and 1.6 + 0.7 nm~2 for PEG(1.5)-, PEG(5)- and PEG(10)-nitroDOPA) (Figures
and[8.10R). This is in contrast to what was reported in literature for flat surfaces where the
PEG packing density was shown to decrease with increasing PEG M,,s. Packing densities
of 0.9, 0.5 and 0.3 chains/nm? where achieved for PEG(1), PEG(2) and PEG(5) if PEG
was immobilized through poly (L-lysine) (PLL) on Nb,Os surfaces [203] and 1.7 and 0.4
molecules/nm? for PEG(2)-SH and PEG(5)-SH on Au surfaces [509].

The PEG-nitroDOPA packing densities on iron oxide NPs measured here were not only
many times higher than the maximum PEG packing densities on flat surfaces but also
greatly exceeded those reported for PEG-silanes adsorbed on Fe304 NPs (0.3 and 0.8
molecules/nm? for PEG M,,s between 0.1 and 0.35 kDa) [262]. However, the PEG(5)-
nitroDOPA packing density measured on iron oxide NPs synthesized in the oil bath was
well in agreement with what was found for NPs synthesized in the MW (cf. Figure [8.10]
and Table [6.1).

As a consequence of the weak dependence of the dispersant packing density on the PEG
M,,, the EG density increased almost linearly with increasing PEG M,, (Figure [8.10p).
This is in stark contrast to ethylene glycol densities of densely packed PEG chains mea-
sured on flat surfaces that were shown to be independent on the PEG M,, [203]]. These
different trends are likely related to the high surface curvature of NPs which significantly
decreases steric repulsion potentials between adjacent dispersants. A decreased steric re-
pulsion can be expected from the rapid increase of the free volume available to dispersants
with increasing distance from the NP surface. In contrast, the free volume remains con-
stant if adsorbed on flat surfaces (Figure [6.14).

The larger curvature of the smaller compared to the larger NPs should lead to a higher dis-
persant packing density. However, the dispersant packing density determined with TGA
for 2.5 nm core radius NPs was below that of 5 nm core radius counterparts (Figure [8.9).
This agrees well with the lower NP stability of 2.5 nm compared to 5 nm core radii NPs
stabilized with PEG-nitroDOPA (Figure [8.§). It might be related to the fact that surfaces
of 2.5 nm core radius NPs were not saturated with dispersants as was detailed above. A
depletion of dispersants during stabilization of 2.5 nm core radius NPs is possibly also
one reason for the leveling off of the EG packing density for these NPs observed in Fig-
ure [8.10b.
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Figure 8.11: SAXS measurements of 5 nm core radius iron oxide NPs synthesized in the oil bath and
stabilized with PEG-nitroDOPA. SAXS was measured on 5 nm core radius iron oxide NPs synthesized
in the oil bath stabilized with PEG(1.5)-nitroDOPA and dispersed at 0.5 vol% (red), PEG(5)-nitroDOPA
stabilzed NPs dispersed at 0.5 vol% and 2.5 vol% (green) and PEG(10)-niroDOPA stabilized NPs dispersed
at 4 vol% (blue).

8.4.3 Effect of the PEG M,, on the Core Size Distribution

Because iron oxide cores have a rather broad size distribution as was shown in chapter 3]
dispersants could preferentially adsorb on a certain size fraction of these cores, depending
on the dispersant M,,. This could lead to selective losses of certain core size fractions
during NP stabilization and purification and thus skew the NP core size distribution. If
we intend to compare packing densities and PEG density profiles, it has to be ensured
that the core size and size distribution is identical for NPs stabilized with dispersants that
have different PEG M,,s. For this purpose, SAXS measurements were performed on 5 nm
core radius iron oxide NPs stabilized with PEG(1.5)-nitroDOPA, PEG(5)-nitroDOPA and
PEG(10)-nitroDOPA.

As can be seen in Figure[8.11} SAXS scattering curves of PEG-nitroDOPA stabilized iron
oxide NPs where the PEG M,, ranged from 1.5 kDa to 10 kDa, closely resembled each
other. This indicates that the stabilization does not result in a dispersant M,, dependent
size selection of the iron oxide cores. Thus, these measurements justify the assumption
that the core size and size distribution are independent on the PEG-nitroDOPA M,, which
NPs are stabilized with. They therefore allow to directly assign measured differences in
the hydrodynamic radius, NP stability and dispersant packing densities of stabilized iron

oxide NPs to effects of the different dispersant M,,s.
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Figure 8.12: Theoretically calculated dispersant packing density profiles. Theoretically calculated disper-
sant profiles on NPs with core radii of 5 nm, namely a step-function (black), parabolic (green),

, exponential with positive & (red) and Gaussian (magenta) profile as a function
of the distance D from the NP surface.

8.4.4 Effect of the PEG M,, on the Dispersant Density Profile

To assess the density profile of PEG-nitroDOPA adsorbed on iron oxide NPs, SANS was
performed on PEG(10)-nitroDOPA, PEG(5)-nitroDOPA and PEG(1.5)-nitroDOPA stabi-
lized 5 nm and 2.5 nm core radius iron oxide NPs using polarized neutrons. Because
neutrons possess a magnetic moment and iron oxide cores are superparamagnetic, these
NPs yield an anisotropic scattering pattern if analyzed with polarized neutrons. The to-
tal scattering intensity measured with polarized neutrons is the sum of the nuclear and

magnetic scattering of the core-shell NPs (equation [8.17)

Lot (9) = (Fue (§) = Finag () (8.17)

where F,,c (¢) and Fyqe (G) are the nuclear and magnetic scattering contributions respec-
tively. The + or - sign in equation [8.17|correspond to nuclei spins that are aligned parallel
(spin up) and antiparallel (spin down) to the external magnetic field respectively. As de-
scribed in chapter[5] information about magnetic scattering originating from the iron oxide
cores can be retrieved if SANS spectra acquired with polarized neutrons are subtracted
from each other. If SANS spectra acquired with the two different neutron polarizations
are summed up, the cross term consisting of the product of the nuclear and magnetic scat-
tering cancels and the nuclear scattering is the vastly predominant contribution.

Nuclear forward scattering is proportional to the number of scattering centers, in this case
predominantly dispersants. The magnetic scattering contains information about the num-

ber and size of NP cores. Therefore, the dispersant packing density can be evaluated by
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Figure 8.13: SANS measurements on 5 nm core radius iron oxide NPs stabilized with PEG-nitroDOPA.
The (A) sum and (B) difference spectra of SANS experiments performed with polarized neutrons on 5
nm core radius iron oxide NPs synthesized in the oil bath and stabilized with PEG(10)-nitroDOPA (blue),
PEG(5)-nitroDOPA (green) and PEG(1.5)-nitroDOPA (red) are shown.

simultaneously fitting the difference and sum SANS spectra acquired with polarized neu-
trons.

To elucidate the dispersant density profile, SANS curves were fitted with form factors that
assume a core-shell structure of NPs where the dispersant packing density profile decays
like a step-function profile, exponentially and according to a Gauss curve that is translated
such that the mean of the Gauss curve coincides with the NP surface (denoted as Gauss
curve) (Figure[8.12). By comparing how the qualitatively different density profiles fit the
acquired scattering data, at least the qualitative shape of the dispersant density profile on

the NPs can be estimated.

Dispersant Density Profile on 5 nm Core Radius Nanoparticles

The sum and difference spectra of SANS data acquired with polarized neutrons on PEG-
nitroDOPA stabilized iron oxide NPs with core radii of 5 nm are shown in Figure [§.13]
The total NP concentration was kept constant at 5 vol%. Because the shell thicknesses and
thus the hydrodynamic radius of NPs was dependent on the PEG-nitroDOPA M,,, the core

concentration of the three different samples varied. They are summarized in Table 8.2

De Gennes and Gaussian Density Profiles
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Figure 8.14: SANS measurements on 5 nm core radius iron oxide NPs stabilized with PEG-nitroDOPA. The
sum spectra of SANS experiments performed with polarized neutrons on 5 nm core radius iron oxide NPs
stabilized with PEG(10)-nitroDOPA (blue), PEG(5)-nitroDOPA (green) and PEG(1.5)-nitroDOPA (red)
are shown. These SANS data were fitted with a (a) step-function dispersant density profile according to
de Gennes and (b) Gaussian dispersant density profile assuming the core dimensions evaluated with SAXS
(Table [5.2). The resulting dispersant layer thickness and packing density are summarized in Table [8.2]
These data were fitted assuming a structure factor for hard spheres for PEG(10)- and PEG(5)-nitroDOPA
stabilized and a structure factor for hard sticky spheres for PEG(1.5)-nitroDOPA stabilized NPs. (c) The
NP interaction potential was calculated using the SCF theory and the parameters of Table[8.2]
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Because the step-function density profile is often used to calculate layer thicknesses
and inter-particle potentials, SANS data were fitted assuming this dispersant density pro-
file. Additionally, the dispersant density profile can decay according to a parabolic or
power law function. Because the Gaussian profile decays qualitatively similar to a power
law decay (Figure[8.1), SANS data were also fitted using this profile.

To limit the number of free fitting parameters, cores were assumed to be lognormally dis-
tributed with an intensity weighted average core radius of 5.6 nm and a standard deviation
of 0.3 as was evaluated with SAXS on the same NP batch (Figure [5.26] and Table [5.2).
The dispersant layer thickness d should be within Rr < d < extended length of the disper-
sants. Rr values were calculated according to Szleifer et al. (equation [I.6) assuming the
length of a ethylene glycol repeat unit @ of 0.38 nm and o = 3/5 (assuming D,0 is a good
solvent for PEG) [213]].

For scattering experiments, the radius of gyration R is often a more appropriate measure
to describe the size of polymers compared to Rr. R defined in equation [8.10| describes
the average distance of a polymer segment to the center of gravity of the entire polymer.
Ri was used as a fixed parameter to fit SANS data with the dispersant density profile
that had Gaussian decay (using the form factors described in equations 4.33H4.38) and to
calculate inter-particle potentials according the SCF theory.

Having the core size, size distribution and R fixed, the dispersant packing density n,g0
and the dispersant layer thickness d were fitted. The constraints of d described above
were used to check if fitting results were physically possible.

Assuming a step-function or Gaussian dispersant density profile, the curves could only
be fitted if unreasonnably low dispersant packing densities were assumed (Table [8.2).
Moreover, even if such low dispersant packing densities were assumed, data could not
be fitted well with a dispersant density profile that decays according to a Gaussian curve
(Figure [8.14b). Fits were decent if a step-function density profile was assumed (Fig-
ure @}a). However, values of n,g, obtained with these fits were too low for NPs to be
colloidally stable under physiologic conditions (cf. Table and Figure 8.4). This is in
contradiction to DLS data where these NPs were shown to be stable in aqueous solutions
and under physiologic conditions (see e.g. Figure [6.6). Thus, it is unlikely, that these
two models for the dispersant density profile are appropriate for NPs investigated in this

thesis.
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Table 8.3: Fitting parameters obtained from evaluating SANS data of Figure assuming an exponential
dispersant density decay. The number weighted 1core was found to be 5.0 nm with a variance ¢ = 0.3.

PEG M,, (kDa) | d (nm) (04 Osolvent Nagg Uvarrier
(%) (nm2) (kgT)
10 10.2 11.9 0 0.026 0
5 3.6 -2.8 5.4 0.22 0
1.5 2.7 -1.6 0 0.46 0
1.0 === = 10
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Figure 8.15: Evaluations of SANS data measured on 5 nm core radius iron oxide NPs stabilized with PEG-
nitroDOPA assuming an exponential dispersant density decay. (a) The sum spectra of SANS experiments
acquired with polarized neutrons on 5 nm core radius iron oxide NPs stabilized with PEG(10)-nitroDOPA
(blue), PEG(5)-nitroDOPA (green) and PEG(1.5)-nitroDOPA (red) were fitted with a core-shell form factor
that assumes the dispersant density profile to decay exponentially (equations [4.43}{4.45)). The core radius
was assumed to be lognormally distributed. According to these fits, the intensity weighted core radius
was 8.9 nm with a standard deviation of 0.3 nm. (b) The to (a) corresponding dispersant density profiles
@ (D) are shown as a function of the distance from the NP core surface D. (c) The inter-particle potentials
calculated according to equations [8.1]-[8.16| using the SCF theory.

Exponential Density Profile

Because, as shown above, the dispersant density profile is unlikely to decay with a Gaus-
sian profile or assume a step-function profile, SANS curves were fitted with a form factor
assuming an exponential dispersant density decay where & could be < 0, resembling a
parabolic profile or o > 0, resembling a Gaussian profile (Figure[8.1)). As outlined in sec-
tion [8.1] the former is often descried in literature as the most appropriate density profile.

The shell thickness d and o, the parameter that describes the decay rate of the dispersant
density profile were fitted. However, because the obtained fits were superior to the ones
obtained using form factors that describe a Gaussian or step-function density profile (cf.
Figures [8.14] and [8.193), fits were robust. Therefore, the core size and standard deviation
could also be fitted. To limit the number of free fitting parameters, scattering curves of
5 nm core radius NPs stabilized with PEG(10)-, PEG(5)- and PEG(1.5)-nitroDOPA were
fitted simultaneously using the core size and size distribution as global fitting parame-

ters. To further improve fits especially in the region of low g-values (g < 0.15 nm™1), a
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contribution of the structure factor describing hard sticky sphere interactions was added

(section[4.4.1)).

Fits of the core size and size distribution, which was assumed to be lognormally dis-

tributed, yielded an intensity weighted R of 6.9 nm and a standard deviation of 0.3. The

r:RG\/g, (8.18)

1s 8.9 nm, assumed the cores are spherical. The corresponding number weighted core

resulting core radius r, defined as

radius is 5.0 nm, well in agreement with number weighted core radii obtained from TEM
image analysis (Figure[5.23]and Table [5.2)).

The undulations in the fits at 0.5 nm~! < g < 1 nm~!, that are not seen in the experimental
data, indicate that the core size distribution is higher than assumed, NPs have a rough
surface or are not perfectly spherical. According to TEM images (see e.g. Figure [5.21),
NPs are not spherical and have rough surfaces. Thus, NP shape and surface roughness
likely smoothened the experimental curves such that the fits are not perfect in this g-range
(Figure [8.15h).

Interestingly, the dispersant density profile qualitatively changes if the PEG M,, is in-
creased from 5 kDa to 10 kDa (Figure [8.15b). This likely is related to the unrealistically
low dispersant packing density obtained from these fits using equation 4.69] (Table [8.3).
The low dispersant packing densities result in inter-particle potentials that are attractive if
they are calculated with parameters for the shell thickness and dispersant packing density
obtained from these SANS fits (Table [8.3) using equations [8.2]-[8.16]

These inter-particle potentials would result in immediate NP agglomeration. NP agglom-
eration is, however, not observed as good NP stability was shown using DLS (Figure[8.8).
Furthermore, dispersant packing densities quantified with TGA are many times higher
compared to those calculated based on SANS fitting results (cf. Figure [8.10] and [8.3).
Thus, the dispersant packing density is likely considerably underestimated in quantifica-
tions done based on SANS analysis.

One possibility for the quantitatively unrealistic results obtained from these SANS fits
would be a wrong model for the dispersant density decay profile. Fits obtained with a
form factor that assumes an exponentially decaying profile are superior to those obtained
with a step-density or Gaussian profile (¢f. Figures [8.14] and [8.15). Furthermore, if o
is < 0, the exponential profile resembles that of a parabolic profile (Figure [8.1). Thus,

all dispersant density profiles that are commonly reported were tested. It is unlikely that
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Figure 8.16: Evaluation of SANS measurements on 2.5 nm core radius iron oxide NPs stabilized with
PEG-nitroDOPA. (a) The sum spectra of SANS experiments acquired with polarized neutrons on 2.5 nm
core radius iron oxide NPs stabilized with PEG(10)-nitroDOPA (blue), PEG(5)-nitroDOPA (green) and
PEG(1.5)-nitroDOPA (red) are shown. The curves were fitted with a core-shell form factor that assumes
the dispersant density profile to decay exponentially (equations [4.43] - B.43). According to these fits the
intensity weighted core radius was 2.9 nm with a deviation of 0.3, if a lognormal core size distribution
was assumed (Table . (b) The to (a) corresponding dispersant density profiles @ (D) are shown as a
function of the distance D from the NP core surface. (c) The inter-particle potentials calculated according
to equations [8.1] - [8.16] using the SCF theory.

none of them would qualitatively resemble the actual density profile.

Another possibility for the unrealistically low dispersant packing densities would be that
additional objects contributed to the scattering. If this was the case, scattering curves
would have to be fitted with multiple form factors. To check, if non-magnetic objects
contributed to the scattering, difference spectra acquired with polarized neutrons could be
simultaneously fitted with sum spectra (Figure [8.13]). Non-magnetic objects do not con-
tribute to the difference spectra but they do contribute to the sum spectra (equations [8.17
and [4.32). Thus, simultaneous fitting of difference and sum spectra of SANS data ac-
quired with polarized neutrons allow to trace scattering contributions from non-magnetic
objects. However, to do this simultaneous fitting, the form factor that describes the expo-
nentially decaying density profile has to be extended to account for the magnetic scattering
of the cores. This is work in progress. In summary, the deviation of SANS results leading
to unphysically low dispersant packing density from the results obtained with DLS and

TGA remains to be determined.

Dispersant Density Profile on 2.5 nm Core Radius Nanoparticles

Because the exponential density profiles yielded best fits for PEG-nitroDOPA stabilized
5 nm core radius NPs, 2.5 nm core radius NPs stabilized with PEG-nitroDOPA were only
fitted using the exponential dispersant density profile. Furthermore, the exponential den-

sity profile can qualitatively approximate the parabolic (¢ < 0), step-function (¢ = 0) and
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Table 8.4: Fitting parameters obtained from evaluating SANS data of Figure[8.16assuming an exponential
dispersant density decay with a number weighted 7core = 2.2 nm with a variance ¢ = 0.3.

PEG M,, (kDa) | d (nm) 04 Osolvent Nagg Ubarrier
(%) (nm2) (kgT)

10 10.3 3.1 25.8 0.26 0

5 19.9 8.6 74.7 1.0 600

1.5 6.5 2.8 0 1.7 850

Gaussian (o > 0) dispersant density profile (Figure[8.12). It therefore covers qualitatively
all possibilities for dispersant density profiles described in literature.

Similar to SANS data acquired with polarized neutrons on 5 nm core radius NPs, spectra
acquired with polarized neutrons on PEG-nitroDOPA stabilized 2.5 nm iron oxide NP
cores could be fitted assuming an exponentially decaying dispersant density profile (Fig-
ure[8.16p). R¢ of the cores obtained from these fits was 2.9 nm with a standard deviation
of 0.3, resulting in an intensity weighted core radius of 3.7 nm corresponding to a num-
ber weighted core radius of 2.2 nm. This compares well with values obtained from TEM
image analysis and SAXS fits (Table[5.2).

In contrast to 5 nm core radius NPs, dispersant density profiles obtained from fits of PEG-
nitroDOPA stabilized 2.5 nm core radius NPs decayed with & < O irrespective of the PEG
M,, (Figure [8.16b and Table [8.4). The faster decay of the PEG(10)-nitroDOPA density
profile, compared to that of PEG(5)- and PEG(1.5)-nitroDOPA, is a result of the much
lower dispersant packing density obtained for the former dispersant (Table [8.4).

In addition to providing good fits of the scattering spectra of 2.5 nm core radius NPs,
the choice of exponentially decaying profiles also resulted in dispersant packing densities
for PEG(1.5)- and PEG(5)-nitroDOPA stabilized NPs that are comparable to those values
obtained with TGA (c¢f. Figure [8.10|and Table [8.4). Consequently, the energy barrier of
the inter-particle potential calculated based on the values quantified with SANS indicate
good stability of NPs modified with PEG(1.5)- and PEG(5)-nitroDOPA (Figure[8.16f and
Table [8.4)). This is well in agreement with DLS data (Figure [8.8]).

According to these quantifications, PEG(10)-nitroDOPA stabilized NPs should readily
agglomerate. The poor NP stability and the very low dispersant packing density for this
dispersant are again in contradiction to DLS (Figure [8.8) and TGA (Figure [8.10) data.
Furthermore, the higher dispersant packing density on 2.5 nm compared to 5 nm core
radii NPs (c¢f. Table[8.3]and [8.4)) strongly disagrees with what was found with TGA (Fig-
ure and the inferior stability of the former NPs (Figure 8.8).

However, the trend towards lower dispersant packing densities with higher PEG M,,s is in
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Table 8.5: Relaxivities measured on the stable fraction of PEG-nitroDOPA stabilized iron oxide NPs syn-

thesized in the oil bath: MRI measurements were conducted at 20 °C and 1.5 T.

NP core radius (nm) | PEG M, | ry " %
(kDa) (m) (m)

2.5 10 13 77 6.0
2.5 5 12 82 6.8
2.5 1.5 12 76 6.4
5 10 17 157 94
5 5 18 204 11.4
5 1.5 15 140 9.1

agreement with the fact, that PEG(20)-nitroDOPA stabilized NPs strongly agglomerated

such that they did not pass 200 nm cut-off filters. Furthermore, it is in line with studies

done on flat surfaces [203), 509]. Thus, the quantitative disagreement of SANS results

likely is based on a systematic error or inappropriate model assumption used to evalu-
ate SANS data. Therefore, the validity of the numbers obtained from SANS fits will be
checked by simultaneously fitting difference and sum spectra of SANS data acquired with

polarized neutrons, similar to what was described for 5 nm core radii NPs.

8.4.5 Relaxivity of PEG-nitroDOPA Stabilized Nanoparticles
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Figure 8.17: T, -weighted MRI of PEG(5)-nitroDOPA stabilized NPs synthesized in the oil bath. T, -
weighted MRI scans of PEG(5)-nitroDOPA stabilized 5 nm core radius Fe304 NPs embedded in a hydrogel
at Fe304 concentrations of (1) 20 pg/ml, (2) 30 ug/ml, (3) 40 pug/ml, (4) 50 pug/ml, (5) 60 pg/ml and (6) 70
ug/ml. To prevent susceptibility discontinuities at the edge of the vials, these vials were inserted into tube
filled with Millipore water that yielded the white background contrast. The repetition time 7z was 5000 ms,
the echo time Tg was 9.8 ms.

To assess the suitability of these individually stabilized NPs as MR contrast agents,

their relaxivities as a function of the PEG-nitroDOPA M,, and the core size were quanti-
fied. 7> and T, relaxation times are dependent on the M; of cores [96]. Because the M
depends on the core size (Table , T and T," were shown to also depend on the core
radius [[73,196, 512]]. 77 is mainly determined by the exchange rate of water molecules in
the first hydration shell of NPs. Thus, it depends on the accessibility of the iron oxide core
surface to water molecules. Whether the dispersant shell slows down the water exchange
rate in the first hydration shell of the core and therefore influences 77 or not is an ongoing
debate [513]]. Therefore, relaxivities of 2.5 nm and 5 nm core radius NPs stabilized with
PEG-nitroDOPA where the PEG M,, was varied between 1.5 kDa and 10 kDa were com-
pared.
The MR contrast induced by PEG(5)-nitroDOPA stabilized iron oxide NPs embedded in
hydrogels at different concentrations is exemplified in Figure [8.17] The relaxivities r|
and rp, defined as 1/(77 ¢) and 1/(T> c) respectively, where ¢ is the NP concentration,
were larger for PEG-nitroDOPA stabilized 5 nm core radius compared to 2.5 nm core
radius NPs (Table . This is well in agreement with literature [29, [109, [110] and can
be assigned to the higher M of the former NPs (Figure [7.22).
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T;-Contrast

r1 values were below reported values for commercially available iron oxide NP based
contrast agents (cf. Table[8.5and [8.6). Commercially available iron oxide NPs are coated
with the reversibly adsorbing dextran that allows water to readily exchange also in close
proximity to the NP surface. However, the strong binding and dense packing of PEG-
nitroDOPA on the Fez04 NP surface likely reduced the number of H>O molecules that
can get into direct contact with the NP surface during a given time. r; values of individ-
ually PEG-nitroDOPA stabilized NPs were therefore lower than the values measured for
dextran stabilized NPs.

T>-Contrast

r, values of PEG-nitroDOPA stabilized 2.5 nm core radius NPs were below values of
commercially available dextran stabilized iron oxide NPs with comparable core sizes.
However, individually dextran stabilized NPs have a significantly lower r, compared to
Feridex, Sinerem and the PEG-nitroDOPA stabilized NPs studied in this thesis. Feridex
and Sinerem are the most prominent commercially available iron oxide based negative
MR contrast agents. The higher r values of these commercially available contrast agents
are likely due to their structure of multiple iron oxide NPs embedded in a dextran matrix
leading to partial agglomeration of the cores [[100} [108]. Agglomerated NPs yield higher
r; values than individually stabilized analogous [103].

ry values of PEG-nitroDOPA stabilized 5 nm core radius NPs were significantly higher
compared to the commercially available iron oxide based contrast agents (cf. Tables [8.6|
and [8.5). The core radius of PEG-nitroDOPA stabilized NPs is with 5 nm two times
higher than the core radius of Feridex. However, the increased core radius only insignif-
icantly increased the hydrodynamic radius of the former NPs (Figure [8.7). In contrast,
dextran stabilized iron oxide NPs had a hydrodynamic radius many times larger than the
respective core radius (cf. Tables [8.6). Thus, even though PEG-nitroDOPA stabilized 5
nm core radius NPs had a slightly larger core radius, their overall size was still many
times lower than that of NPs individually stabilized with dextran (cf. Figure [8.7]and Ta-
ble[8.6). Therefore, PEG-nitroDOPA stabilized iron oxide NPs with core radii > 5 nm are
potentially effective negative MR contrast agents that allow to control NP size and surface
presentation of functional groups and have higher 7, values compared to commercially

available iron oxide based MR contrast agents.
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Dependence of Relaxivities on the PEG M,,

The relaxivities r; and r, were found to be independent on the PEG-nitroDOPA layer
thickness as a comparison between iron oxide NPs stabilized with PEG(10)-, PEG(5)-
and PEG(1.5)-nitroDOPA reveals (Table [8.5)). This is in contrast to what has been previ-
ously reported [[110, 513]. While r, reported by Duan et al. did not vary systematically
with the hydrodynamic NP radius [110]], La Conte et al. reported a decrease in r, with
increasing hydrodynamic radius [S13].

NPs investigated by La Conte et al. were stabilized with phospholipids that formed
a micellar structure around the iron oxide cores [513]. Duan et al. coated NPs with
poly(ethylene imine) (PEI), PEI-g-PEG and a mixture of polymaleic anhydride and oc-
tadecene [110]. Interestingly, a decrease in r, with increasing dispersant layer thickness
was observed for PEG M,,s ranging from 0.55 kDa to 1 kDa. However, r, remained stable
if higher PEG M,,s were used [313]. As was shown in this chapter, PEG M,,s < 1.5 kDa
resulted in partial NP agglomeration even if they were firmly adherent to the NP surface.
ry 1s known to increase with NP size [109]] and upon NP agglomeration [108]]. Thus, the
discrepancy on the dependence of the relaxivity on the dispersant layer thickness observed

here and by others [110,513] is likely a consequence of partial NP agglomeration.

8.5 Iron Oxide Nanoparticles that Sedimented During

Centrifugation

A large fraction of the stabilized NPs which sedimented during centrifugation could be
re-dispersed in Millipore water and passed 200 nm cut-off filters. This demonstrates that
they were only weakly agglomerated. The differences in NP properties of the sedimented

vs. the non-sedimented fraction was investigated with DLS, TGA and DSC.

8.5.1 Effect of the PEG M,, on Nanoparticle Stability

DLS measurements revealed that the majority of the re-suspended NPs were individually
stabilized (Figure [8.18)). However, in contrast to NPs which did not sediment during cen-
trifugation, the hydrodynamic radius of sedimented NPs did not systematically increase

with increasing PEG-nitroDOPA M,,. Furthermore, a second broad peak around 60 nm
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Figure 8.18: DLS of the iron oxide NP fraction that sedimented during centrifugation stabilized with
PEG-nitroDOPA. The volume weighted size distribution of 5 nm core radius iron oxide NPs stabilized
with PEG(10)-nitroDOPA (-*-), PEG(5)-nitroDOPA (-m-), PEG(1.5)-nitroDOPA (-A-) and PEG(0.8)-
nitroDOPA (-0-) dispersed in Tris containing 160 mM NaCl. After stabilization, iron oxide NPs were
dispersed in Millipore water and centrifuged for 1 h at 13’400 rpm. DLS was measured on the sedimented
fraction after agglomerates > 200 nm had been removed by filtration.
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Figure 8.19: Temperature dependence of hydrodynamic radius of the fraction of iron oxide NPs stabilized
with PEG-nitroDOPA which sedimented during centrifugation. The (a) hydrodynamic radius and (b) nor-
malized count rate of iron oxide NPs with a core radius of 5 nm stabilized with PEG(10)-nitroDOPA (-x-),
PEG(5)-nitroDOPA (-m-), PEG(1.5)-nitroDOPA (- A-) and PEG(0.8)-nitroDOPA (-0O-). After stabilization,
these NPs were dispersed in Millipore water and centrifuged for 1 h at 13’400 rpm. DLS was measured
on the iron oxide NP fraction, which sedimented during centrifugation after agglomerates > 200 nm were
removed by filtration. NPs were dispersed in Tris containing 160 mM NaCl. Statistics was done on 2-7
independent samples.
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was measured for PEG(5)-nitroDOPA and PEG(10)-nitroDOPA stabilized NPs, in stark
contrast to what was seen for NPs that did not sediment (cf. Figures|[8.7)and [8.18). That
the hydrodynamic radius does not scale with the PEG-nitroDOPA M,, and especially the
appearance of a second, larger peak are strong indications that these NPs were partially
agglomerated. However, the fraction of agglomerates was low as volume weighted radii
scale with 73 and thus, larger agglomerates predominate the scattering pattern and there-
fore DLS analysis.

Despite that these NPs were partially agglomerated, trends of the dependence of the NP
stability on the PEG-nitroDOPA M,, (Figure [8.19) were similar to the stable NP fraction
(Figure [8.8)). NPs stabilized with PEG(5)-nitroDOPA and PEG(10)-nitroDOPA did not
show further agglomeration up to 90 °C, as can be seen in the constant hydrodynamic
radius and slow decrease in the normalized count rate (Figure [8.19). Furthermore, in
analogy to what was observed for NPs that did not sediment during centrifugation, the
sedimented fraction of PEG(1.5)-nitroDOPA and PEG(0.8)-nitroDOPA stabilized NPs
started to further agglomerate at 65 °C and 55 °C respectively. These results are in good
agreement with theoretical predictions where the repulsive steric interaction potentials are
below 10 kpT if the dispersant packing density is below 0.5 molecules/nm? (Figures

and[8.5).

8.5.2 Effect of the PEG M,, on the Dispersant Packing Density

TGA measurements revealed that the wt% of dispersants adsorbed on iron oxide NPs that
sedimented during centrifugation was less than half of what was measured on NPs that did
not sediment during centrifugation (Figure[8.20) independent on the PEG M,, (Figure[8.21]
and cf. Table and Figure [§.10). Furthermore, the main endothermic peak measured
with DSC was around 250 °C. DSC curves of NPs that did not sediment during centrifu-
gation peaked at 400 °C (Figure [8.9). The endothermic peak around 250 °C concided
with the one observed for as-synthesized, unstabilized iron oxide NPs and NPs modified
with PEG-anchor dispersants at a low dispersant packing density. This endothermic peak
seen in Figure[8.20]thus indicates, that a lot of organic contaminants were adsorbed on the
surface of the NP fraction which sedimented during centrifugation. This is well in agree-
ment with results presented in chapter 6] where a high PEG-nitroDOPA packing density
was required to displace organic contaminations from the NP surface.

However, even if the amount of dispersants used to stabilize as-synthesized NPs was

doubled, the unstable NP fraction, which sedimented during centrifugation, could not be
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Figure 8.20: DSC and TGA measurements of 5 nm core radius iron oxide NPs synthesized in the oil bath
and stabilized with PEG(5)-nitroDOPA. PEG(5)-nitroDOPA stabilized iron oxide NPs synthesized in the
oil bath which had core radii of 2.5 nm (-O-) and 5 nm (-O-). Stabilized iron oxide NPs were dispersed
in Millipore water and centrifuged for 1 h at 13’400 rpm. The fraction that sedimented during centrifuga-
tion (empty symbols) and the NPs which remained in the supernatant (filled symbols) were subsequently
analyzed with (a) TGA and (b) DSC.
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Figure 8.21: DSC and TGA measurements of 5 nm core radius iron oxide NPs synthesized in the oil bath
stabilized with PEG-nitroDOPA. 5 nm radius iron oxide cores synthesized in the oil bath and stabilized with
PEG(20)-nitroDOPA (-0-), PEG(5)-nitroDOPA (-m-), PEG(1.5)-nitroDOPA (- A-), PEG(0.8)-nitroDOPA (-
O-) and uncoated NPs (-O-). After stabilization, NPs were dispersed in Millipore water and centrifuged for
1 h at 13’400 rpm. The sedimented NP fraction was re-dispersed in Millipore water, filtered through 200
nm cut-off filters, freeze dried and analyzed with (a) DSC and (b) TGA.
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Table 8.7: Comparison of the wt% of dispersants adsorbed on iron oxide NPs that sedimented during
centrifugation. Statistics was done on 2-5 independent samples.

’ PEG M,, (kDa) \ 5 nm cores (Wt%) \ 2.5 nm cores (Wt%) ‘

20 15 + 21|

5 38 +4 25+3
1.5 29+2 30 = 23
0.8 31+3 24 £ 1

eliminated. Therefore, the low surface dispersant packing density of the unstable NP frac-
tion cannot be caused by a lack of dispersants during stabilization. It more likely is related
to surface properties of these NPs.

A possible reason for the lower NP stability of this sedimented fraction might be that a
fraction of NPs was already surface oxidized prior to stabilization with PEG-nitroDOPA.
NitroDOPA was shown to have a significantly lower affinity to surface oxidized iron oxide
which resulted in poor NP stability of such oxidized NPs (see chapter[7). Thus, the yield
of ultra-stable NPs might be increased if oxidation of as-synthesized NPs prior to their
stabilization can be prevented. This might be achieved if NPs are synthesized, washed

and stabilized in an inert atmosphere where surface oxidation can be prevented.

8.6 Summary

Next to an anchor, that firmly binds dispersants to the NP surface, the spacer length is
crucial to achieve good NP stability. Linear PEG spacers with M,, < 1.5 kDa yield too
thin shells to prevent NP agglomeration especially at elevated temperatures. PEG M,,s
> 10 kDa result in low dispersant packing densities (< 0.1 dispersant/nm? for PEG(20)-
nitroDOPA if adsorbed on 5 nm core radius NPs), detrimental to NP stability. Such NPs
agglomerated instantaneously. These trends were observed irrespective of core size and
size distribution for the cores investigated here. Thus, to achieve good stability of NPs
with core radii between 2.5 nm and 5 nm, the PEG M,, should be between 5 kDa and 10
kDa.

SANS data indicate an exponentially decaying dispersant density profile that strongly
depends on the dispersant packing density and core size. The obtained dispersant packing
densities for PEG(1.5)- and PEG(5)-nitroDOPA stabilized NPs with a core radius of 2.5

nm are in agreement with TGA values. However, dispersant packing densities obtained

'NPs could not be filtered prior to freeze drying because they did not pass 200 nm cut-off filters.
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for 5 nm core radius NPs and PEG(10)-nitroDOPA stabilized 2.5 nm core radius NPs
are unphysically low and in contradiction to TGA and DLS results. Therefore, model
assumptions used to analyze SANS data have to be checked by relating the magnetic
scattering of the cores to the total scattering mainly caused by the PEG-shell.

The magnetic relaxivities r| and r, relevant for magnetic contrast agent properties, were
found to be independent of the PEG M,,, given NPs were individually stabilized. In
contrast, as expected, the smaller 2.5 nm radius cores yielded significantly lower contrast
compared to the 5 nm core radius NPs. Thus, if individually stabilized iron oxide NPs
are intended for use as MR contrast agents, 5 nm radius cores are superior to cores with
radii = 2.5 nm. The former have higher relaxivities but only a marginally larger size and
equal NP stability if the cores are coated with PEG-nitroDOPA with a PEG M,, between
1.5 kDa and 10 kDa.



CHAPTER 9

Iron Oxide Nanoparticle Functionalization

9.1 Background

As outlined in chapter|[I] many biomedical applications rely on iron oxide NPs functional-
ized with ligands or second labels. Suitable ligands have usually been bound to NPs either
through the biotin-avidin coupling strategy [514}515] or by covalently linking them to the
dispersant shell [95, 255,516} 1517].

9.1.1 Biotin-Avidin Functionalization

The avidin-biotin bond is one of the highest non-covalent bonds, with a dissociation con-
stant of K; ~ 10715 M [518,519]. For practical purposes, this is an essentially irreversible
bond, at least in the absence of external forces. Because many ligands are commercially
available in a biotinylated form, this functionalization method is often used for research
purposes.

Individually stabilized NPs functionalized through the biotin-avidin coupling strategy
possess a layer-by-layer build-up. The different layers are modularly interchangeable
and allow to firmly attach active ligands to NP cores. Thus, such NPs are well suited for
in vitro applications, that require only dilute NP dispersions, and where NPs do not have
to be stealth.
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9.1.2 Covalent Functionalization

NPs can be rendered stealth by grafting stealth dispersant like PEG to their surface
[136, 1199, 200]. However, these stealth properties are lost if NPs are surrounded by an
additional avidin monolayer required for the biotin-avidin coupling strategy [S19]. The
avidin monolayer can be omitted by covalently linking ligands and second labels directly
to the dispersant shell. In this case, specific and non-specific protein adsorption to NPs
are assumed to be limited to the added ligands. Thus, properties imposed to NPs through
dispersants are at least partially retained if ligands are covalently linked to the dispersant
shell. This likely increases the circulation time of NPs functionalized with covalently
bound ligands. It thus renders those NPs more attractive especially for in vivo applica-
tions compared to NPs functionalized through the biotin-avidin coupling strategy.

Any coupling strategy known from chemistry can be applied to covalently link func-
tionalities to NPs, provided the ligands and NPs withstand the synthesis conditions
(95, 255! 516, 517]]. Therefore, although covalent coupling of ligands to the NP sur-
face requires in situ chemistry, it is versatile.

However, covalent binding of functionalities to the NP shell requires control over the sur-
face presentation of chemically active groups. It is crucial that dispersants, and with that
functionalities, are irreversibly bound to the NP surface. Only then, desorption of func-
tional units from NP surfaces can be prevented. Desorbed functional units could block
receptors, NPs should be targeted to, before functionalized NPs reach these locations.
Furthermore, if NPs are functionalized with second labels, desorption leads to large non-
specific background signals.

Low M,, dispersants consisting of a high affinity anchor such as the in the previous chap-
ters detailed nitrocatechols, covalently linked to a spacer to which functionalities can be
attached, are promising candidates for further NP modification. Because these dispersants
adsorb in a well defined way to the NP surface, the interfacial chemistry of such stabilized
NPs can easily be tailored by grafting combinations of differently end-functionalized dis-
persants to NPs. The exposure of ligands to the surrounding can partially be controlled
by varying the ratio of the spacer M,,s of functionalized and unfunctionalized dispersants.
Furthermore, the ligand density can be tuned with the molar ratio of functionalized to
unfunctionalized dispersants that are grafted to the NP surface. This is in stark contrast to
iron oxide NP surfaces coated with high M,, dispersants where the serpentine, constantly
changing conformation prevents efficient addition and controlled presentation of ligands
at the NP interphase [193]].



9.2. FUNCTIONALIZATION THROUGH BIOTIN-AVIDIN COUPLING 241

Covalent Linking Strategies

Many different linking strategies have been reported. Most commonly, amine or carboxy
groups presented at the NP interphase were used to covalently couple ligands and second
labels to the NP shell [95]. Ligands which have previously been activated e.g. with N-
hydroxysuccinimide (NHS) can easily be linked to amine presenting NPs while carboxy
groups bearing NPs can be activated e.g. with 3-(dimethylaminopropyl)carbodiimide
(EDC) rendering them reactive towards amine bearing ligands. These reactions can be
performed under close to physiologic conditions and are thus suited for coupling biologic
entities to NP surfaces.

An alternative covalent functionalization strategy is the thiol-ene reaction. The thiol-ene
coupling strategy has gained increasing interest because it can be performed under mild
conditions without the need for potentially toxic catalysts. Furthermore, it is insensitive
to moisture and oxygen [S520]. Most antibodies possess a limited number of cysteins on
their surface through which these moieties can be coupled to NPs. Furthermore, short lig-
ands such as DNA, RNA and peptide sequences can easily be supplemented with a cystein
group at one of their terminals. This significantly simplifies their controlled coupling to
the NP surface.

In the following, advantages and disadvantages of different strategies to couple function-
alities to sterically stabilized NP surfaces will be discussed. The biotin-avidin function-
alization strategy will be compared to different methods to covalently link antibodies and
fluorophores to iron oxide NPs. For these studies, iron oxide NPs synthesized in different
ways were stabilized with PEG-nitroDOPA or PEG-gallol. The dispersants were partially
end-functionalized with biotins or acrylates. After dispersants were grafted to the iron
oxide NP surface, further functionalities such as avidins, antibodies or fluorophores were

coupled to these iron oxide NPs.

9.2 Functionalization through Biotin-Avidin Coupling

One of the experimentally easiest and most versatile ways to functionalize NPs is the
biotin-avidin strategy. Biotinylated ligands can be immobilized on biotinylated NPs
through an avidin derivative intermediate layer. However, good control over the NP sta-
bility and surface presentation of functionalities, requires thorough characterization of the

layer-by-layer structure of these core-shell NPs. Thus, the number of biotin and neutra-
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vidin sites presented at individually stabilized iron oxide NPs were quantified. Further-
more, consequences of this widely used functionalization strategy on the size and stability
of individually stabilized iron oxide NPs are presented. These studies were conducted on
iron oxide NPs synthesized by aqueous precipitation as described in section [3.2.2] They
were stabilized with methoxy-PEG(0.55)-gallol (mPEG(0.55)-gallol), methoxy-PEG(5)-
6-hydroxy-dopamine (mPEG(5)-gallol), biotin-PEG(3.4)-6-hydroxy-dopamine (biotin-
PEG(3.4)-gallol) or mixtures thereof. Even though 6-hydroxy-dopamine is not a direct
derivative of gallic acid (it has no acidic group on the phenol ring), it is called gallol in
this thesis for simplicity because it has three hydroxy groups directly linked to the phenol
as is the case for gallic acid. Gallol is less prone to oxidation than dopamine and DOPA
and thus better suited to anchor dispersants to NPs [449] 521]. By the time of investi-
gations using the biotin-avidin coupling, the comparison of the different anchors had not
been conducted. Thus, we were not aware of the superior performance of nitrocatechols
compared to gallol.

Biotinylated NPs stabilized as described in section were further functionalized with
biotinylated anti-human vascular cell adhesion molecule 1 (VCAM-1) antibodies through
neutravidin. Neutravidin is a deglycosylated derivative of avidin, that shows lower non-
specific adsorption compared to streptavidin or avidin [519]. VCAM-1 is considered to
be a well-suited target for MR contrast agents because it is up-regulated at the endothelial
cell periphery of lesion prone sites [522,1523]]. It thus is an early marker of atherosclerosis

and an attractive receptor for targeting of e.g. MR contrast agents [104].

9.2.1 Dispersant Packing Density

TGA-FTIR was performed on PEG-gallol stabilized NPs to validate the presence and
quantify the amount of PEG-gallol on the NP surface. The weight loss measured between
200 and 400°C during TG analysis could be assigned to the decomposition of PEG by
FTIR spectroscopy, proving that PEG-gallol was adsorbed on the NPs. The weight loss
between 200 and 400 °C measured by TG analysis for mPEG(0.55)-gallol, mPEG(0.55)-
gallol/biotin-PEG(3.4)-gallol and mPEG(5)-gallol stabilized NPs was 11 wt%, 15 wt%
and 50 wt% respectively. Based on these values, approximately 235 molecules were ad-
sorbed per NP (~ 194 to 198 umol/g(iron oxide)). This corresponds to an average contact
area of 0.74-0.76 nm? per molecule for all PEG-gallol dispersants tested, independent on
PEG M,, if the wt% of dispersants adsorbed on NPs is related to the BET surface area

[524]]. Assuming the maximum surface coverage is 74%, the packing density of gallol at
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the NP surface is 40% of the theoretical maximum if one refers to the reported theoretical
cross-sectional anchor group area perpendicular to the benzyl ring of 0.223 nm? [353].

The corresponding PEG density is 1.3 PEG(5)/nm?. This is more than three times higher
than the maximum PEG(5) density reported (0.4 PEG(5)/nm?) for mPEG(5)-(DOPA);,
adsorbed onto flat 770, surfaces [204] but clearly below what has been obtained by the
same technique for PEG(5)-nitrocatechol coated NPs as was shown in chapter [ How-
ever, care must be exercised if dispersant packing densities on NPs synthesized according
to different protocols are compared. NP size distribution plays a pivotal role for these
calculations. As was shown in chapter [5] depending on the synthesis route, there might
be impurities and ultrasmall NPs which significantly contribute to the total surface area,

but are difficult to detect by TEM and might thus remain unnoticed.

9.2.2 Biotin Quantification

The molar ratio of biotin-PEG(3.4)-gallol : mPEG(0.55)-gallol could be calculated by
comparing the difference in mass losses measured with TGA of mPEG(0.55)-gallol and
mPEG(0.55)-gallol/biotin-PEG(3.4)-gallol stabilized NPs assuming that the dispersant
packing is independent on the PEG M,,. This is, as was shown in chapter[3] a questionable
assumption. Therefore, this method provides a lower limit for the number of biotin sites
per NP. Based on these calculations, the dispersant shell surrounding the iron oxide core
consisted of 9 mol% biotin-PEG(3.4)-gallol and 91 mol% mPEG(0.55)-gallol. The iron
oxide cores were stabilized by modifying uncoated NPs with 10 mol% biotin-PEG(3.4)-
gallol and back-filling the NP surface with 90% mPEG(0.55)-gallol. Thus, the estimated
molar ratio of biotinylated to unfunctionalized dispersants on the NPs was close to the
percentage of the dispersants NPs had been modified with. Assuming NPs were perfectly

spherical and had a core radius of 4.5 nm, this equaled 20 biotin sites per NP.

Binding Affinity of Biotinylated NPs to Neutravidin Presenting Surfaces

To check the binding affinity of biotinylated NPs to neutravidin presenting surfaces, bind-
ing kinetics of 5 nm core radius iron oxide NPs synthesized by the non-aqueous sol-
gel method in the MW and stabilized with a mixture of biotin-PEG(3.4)-nitroDOPA
and PEG(1.5)-nitroDOPA was followed in situ using QCM-D (Figure 0.1). PEG(1.5)-
nitroDOPA rather than PEG(5)-nitroDOPA was chosen to back-fill NP surfaces due to its
lower M,, compared to biotin-PEG(3.4)-nitroDOPA. This minimizes the risk that biotin
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Figure 9.1: Binding kinetics of biotinylated NPs. (a) The binding kinetics of iron oxide NPs synthesized in
the MW and stabilized with 10 mol% biotin-PEG(3.4)-nitroDOPA and 90 mol% PEG(1.5)-nitroDOPA (-
<{-) to biotin presenting surfaces was compared to that of mPEG(1.5)-nitroDOPA stabilized NPs (-m-) using
QCM-D where frequency (filled symbols) and dissipation changes (empty symbols) were monitored. (b)
Binding of biotinylated NPs (-¢-), biotinylated NPs coated with neutravidin (- 4 -) and NPs functionalized
with biotinylated HSP60 antibody immobilized on the biotinylated NPs through a neutravidin linkage (-O-)
towards surfaces presenting HSP60 receptors was measured with QCM-D.

sites are buried inside the dispersant shell. However, control measurements revealed that
binding kinetics of biotinylated NPs are comparable irrespective whether these NPs were
back-filled with PEG(5)-nitroDOPA or PEG(1.5)-nitroDOPA.

For these QCM-D studies neutravidin was immobilized on a SiO;, coated quartz crys-
tal through biotinylated supported lipid bilayers (SLBs). The biotinylated SLBs pre-
vented non-specific adsorption of NPs to SiO, surfaces. Biotinylated and non-biotinylated
iron oxide NPs were exposed to the resulting neutravidin presenting surface. While bi-
otinylated iron oxide NPs bound quickly and specifically, non-biotinylated PEG(1.5)-
nitroDOPA stabilized iron oxide NPs did not bind (Figure [9.I). Negligible non-specific
NP adsorption to neutravidin presenting surfaces confirmed the high NP stability under
physiologic conditions measured with DLS (see e.g. Figure [6.3). The low QCM-D re-
sponse upon addition of biotinylated NPs might be assigned to ultrasmall NPs which
were also functionalized with biotinylated dispersants. They might have blocked the ma-
jority of the biotin binding sites of the neutravidin presenting surfaces before the larger

cores reached these sites.

9.2.3 Neutravidin Quantification

Biotinylated functionalities can be immobilized on biotinylated NPs via an intermediate
avidin layer (Figure [9.2)). All studies were conducted using neutravidin as an intermedi-

ate layer despite that the same principles hold for all avidin derivatives that have more
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Figure 9.2: Quantification of neutravidin adsorbed on biotinylated NPs synthesized by aqueous precipita-
tion. The neutravidin saturation concentration of mPEG(0.55)-gallol stabilized iron oxide NPs synthesized
by aqueous precipitation was determined by (a) DLS where an increase in hydrodynamic radius of NPs
bearing increasing amounts of neutravidin was measured up to the neutravidin saturation concentration.
Statistics was done on 8 independent samples. (b) FACS measurements revealing an increase in fluores-
cence of NPs coated with increasing amounts of FITC-labeled neutravidin up to the neutravidin saturation
concentration. Statistics was done on 3 independent samples. (¢) QCM-D measurements demonstrating NP
binding towards a neutravidin monolayer. Binding decreased with increasing amount of neutravidin bound
to the biotinylated NPs. The neutravidin monolayer was immobilized onto SiO;-coated sensors through
non-fouling supported lipid bilayers (SLBs) containing biotinylated lipids. All three techniques showed
that maximally ~ 7 umol neutravidin/g(iron oxide) can be bound to the biotin-bearing NPs, corresponding
to 8 neutravidin molecules per particle. (d) TEM micrograph of biotinylated NPs coated with neutravidin.
NPs have been stained with uranyl acetate which renders neutravidin white on TEM images.
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Figure 9.3: Cartoon of crosslinked functionalized NPs. Cartoon of crosslinking of (a) biotinylated NPs
partially coated with neutravidin, (b) biotinylated NPs saturated with neutravidin and further functional-
ized with antibodies carrying multiple biotins and (c) acrylate functionalized NPs where antibodies are
covalently attached to the acrylate.

than one biotin binding site per protein. Because neutravidin has four biotin binding sites,
different biotinylated NPs can bind to the same neutravidin (Figure [9.3h). Therefore, bi-
otinylated NPs tend to agglomerate if exposed to an insufficient amount of neutravidin.
This is in analogy to what had been reported for biotinylated liposomes that formed dense
agglomerates upon addition of streptavidin [525]].

To prevent agglomeration of biotinylated NPs, the maximum number of neutravidins ad-
sorbed per NP was quantified. The neutravidin saturation concentration of these biotiny-
lated NPs was determined with DLS (Figure [9.2h), fluorescence activated cell sorting
(FACS) (Figure [9.2b), and QCM-D (Figure[9.2k) by adding different amounts of neutra-
vidin to PBS containing biotin-PEG(3.4)-gallol/mPEG(0.55)-gallol stabilized iron oxide
NPs. The hydrodynamic radius of neutravidin-coated NPs increased with increasing neu-
travidin concentration up to a protein concentration of 7 gmol neutravidin/g(iron oxide).
This yielded an increase in hydrodynamic radius of 6 nm (Figure [9.2h). Streptavidin,
another avidin derivative of similar M,, as neutravidin [519]], has a thickness of ~ 5 nm

[526]. The observed increase in hydrodynamic radius was close to the thickness of an
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adsorbed neutravidin and thus agrees well with NPs surrounded by a neutravidin mono-
layer. This was additionally supported by the negative stained TEM micrographs where
NPs were surrounded by a white rim that can be assigned to negatively stained neutra-
vidin (Figure 0.2d). The increased fluorescence signal of NPs with increasing addition
of FITC-labeled neutravidin up to a concentration of 7 umol neutravidin/g(iron oxide)
further supported the findings from DLS (Figure [9.2b). Lastly, SiO-coated QCM-D sen-
sors were used to form a neutravidin monolayer on top of a non-fouling SLB containing
biotinylated lipids. NP binding to the neutravidin monolayer decreased as the surface
coverage of neutravidin on the NPs increased. No binding was observed at 7 gmol neu-
travidin/g(iron oxide) (Figure[9.2), which corresponds to 8 neutravidins per NP assuming
an iron oxide density of 5.18 g/cm3 [379]]. If one considers that at least 2 biotin binding
sites per neutravidin are accessible, this would correspond to close to full saturation of
the average 20 biotin binding sites per NP estimated from our TGA-FTIR data. Based on
these results, it is unlikely that any free biotin site was still accessible after saturating the
NP shell with neutravidin. This was supported by the observed plateau in both the DLS

and FACS curves, indicating that there was no NP aggregation.

9.2.4 Functionalization with Biotinylated Antibodies
Functionalization with VCAM-1 Antibodies

Real-time binding kinetics and binding specificity of functionalized NPs was investigated
using QCM-D. Recombinant human VCAM-1 chimera was immobilized via protein A
onto SiO, QCM-D sensor crystals (schematically shown in Figure[9.4). Neutravidin pre-
coated NPs were further functionalized with biotinylated human anti-VCAM-1 antibodies
at iron oxide NP concentrations of ~ 100 pg/ml. Upon exposure of such-functionalized
NPs to the sensor, fast and specific binding was observed. Only minimal frequency and
dissipation shifts (-1.5 Hz and 1.2 x 107, respectively) were measured 2 h after NP in-
jection for NPs lacking the anti-VCAM-1 antibody. Corresponding shifts in frequency
(-30 Hz) and dissipation (18.7 x 10-) for NPs functionalized with biotinylated human
anti-VCAM-1 antibody demonstrated that the binding was specific (Figure[9.4p). Neither
neutravidin pre-coated NPs bearing biotinylated anti-E-selectin antibodies nor PEGylated
iron oxide NPs or bovine serum albumin (BSA) adsorbed significantly on surfaces pre-
senting recombinant human VCAM-1 chimeras. Specificity of the observed binding inter-
action was further demonstrated by the fact, that NPs functionalized with anti-VCAM-1



248 9. IRON OXIDE NANOPARTICLE FUNCTIONALIZATION
1 %S oﬁ protein A
0- recombinant VCAM-1 P[5
: 2 [ o
3 chimera A —
“ Si0,-QCM-D crystal // t (min)
18
-35+ + c 161 d
.30 i
- A .
5 £-25- g o124 | ]
S E-201 * ° 10
£ 2 154 £ 2 8l l
E B E g |
Q =-104 8 & 6
. o 5 . g o 4
1=z = = 2] n
o1 " ol® .
0 10 20 30 40 5 10 15 20 25 30 35 40
molar ratio neutravidin:antibody molar ratio neutravidin:antibody
= 10 -
201a 8
E 6
104& 41
D T
il o <
L 0 2 of
— — D
- -2
» 9~k
-10- 4
6B
-8A
-20 v . . T T : . . T T
0 S 10 15 20 25 30 0] 2] 10 15 20 25 30
t (min) t(min)

Figure 9.4: Functionalization of PEG-gallol stabilized iron oxide NPs synthesized by the aqueous precipi-
tation method. (a) Cartoon of iron oxide NPs synthesized by the aqueous precipitation method. They were
stabilized with 10 mol% biotin-PEG(3.4)-gallol and back-filled with mPEG(0.55)-gallol. Subsequently,
they were functionalized with biotinylated anti-VCAM-1 antibodies through the neutravidin linkage. Their
binding towards recombinent VCAM-1 antibody presenting surfaces was measured in situ with QCM-D.
(b) Frequency (filled symbols) and dissipation shifts (empty symbols) of neutravidin coated (-2 -) and anti-
VCAM-1 antibody functionalized NPs (-O-) towards VCAM-1 chimera presenting surfaces were measured
with QCM-D. (c) Frequency and (d) dissipation shifts 90 min after anti-VCAM-1 functionalized NPs were
adsorbed on VCAM-1 chimera presenting surfaces as measured with QCM-D as a function of the molar
ratio of neutravidin : anti-VCAM-1 antibody added to the NPs where NPs were always coated with equiva-
lent amounts of neutravidin. Control measurements of the response of the (e) frequency and (f) dissipation
upon addition of (A) anti-VCAM-1 functionalized NPs to serum presenting surfaces, and (B) cadherin
E presenting surfaces, (C) biotinylated, unfunctionalized, (D) anti-E-selectin functionalized and (E) anti-
VCAM-1 antibody functionalized NPs to VCAM-1 chimera presenting surfaces. Statistics was done on 2-5
independent samples.
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Figure 9.5: DLS of antibody functionalized iron oxide NPs synthesized in the MW. (a) Iron oxide NPs
synthesized in the MW have been stabilized with a mixture of 10 mol% biotin-PEG(3.4)-nitroDOPA and
90 mol% PEG(1.5)-nitroDOPA (-m-) and were further functionalized with 2 wt% neutravidin (-A-) and
biotinylated HSP60-antibodies (-®@-) (b) The size of unfunctionalized NPs (O) is compared to that of iron
oxide NPs functionalized with HSP60-antibodies using 2 wt% (-0O-), 3 wt% (-D-) and 4 wt % neutravidin
(-@-) to immobilize the antibodies on the NP surface. The wt % corresponds to the weight neutravidin
added to the total mass of stabilized iron oxide NPs (dispersant + iron oxide cores). The molar ratio of
neutravidin to HSP60-antibody was kept contant at 4 : 1.

antibodies did not bind to cadherins nor to human serum. However, binding of function-
alized NPs was highly dependent on the amount of anti-VCAM-1 antibodies added to

neutravidin pre-coated NPs and peaked at a molar ratio of neutravidin : antibodies ~ 7 : 1

(Figure [9.4).

Functionalization with HSP60 Antibodies
Assembly of Nanoparticles

Similar results as described for iron oxide NPs synthesized by aqueous precipitation and
functionalized with VCAM-1 antibodies were obtained for NPs synthesized by the non-
aqueous sol-gel route. These NPs were functionalized with 10 mol% biotin-PEG(3.4)-
nitroDOPA and back-filled with mPEG(1.5)-nitroDOPA. The gradual increase in the hy-
drodynamic radius of biotinylated NPs further functionalized with neutravidin and bi-
otinylated heat shock protein 60 (HSP60) antibodies shown in Figure [9.5] demonstrates
the advantages of the layer-by-layer assembly of these NPs. Each layer of the NP shell
can, to a certain extent, be independently tailored. HSP60 antibodies were chosen as
ligands because they are up-regulated at atherosclerotic and cancerogenic sites and thus

serve as early markers for different diseases such as atherosclerosis and cancer [527]].
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As was detailed earlier in this chapter, biotinylated NPs have to be saturated with neutra-
vidin to prevent NP crosslinking. However, excessive neutravidin has to be removed prior
to the addition of biotinylated ligands. This is required not only to prevent that biotiny-
lated ligands bind to free neutravidins, decreasing the ligand density at the NP surface, but
more importantly to prevent NP crosslinking through the multiple biotin sites that high
M,, ligands such as antibodies typically have (cf. Figure [9.5b). However, even if exces-
sive neutravidin was removed, neutravidin coated NPs can crosslink through the multiple
binding sites of biotinylated antibodies if the NP concentration is sufficiently high or the
functionalized NPs are stored for several hours (Figure[9.3p).

DLS measurements performed on biotinylated NPs functionalized with more than 4 wt%
neutravidin revealed low count rates, yielding poor correlation functions that could not
be properly analyzed, after samples were kept at RT for 4 h. This result was a strong
indication that although NPs did not crosslink while being coated with neutravidin, they
were crosslinked through the multiple biotin sites of HSP antibodies. Thus, NPs have to
be thoroughly purified after the addition of each layer, namely after stabilization to re-
move excessive biotinylated dispersants, after functionalization with neutravidin to avoid
crosslinking through biotinylated ligands and after ligand addition to prevent that free lig-
ands block receptor sites before the functionalized NPs reach these locations. During each
purification step, the yield of NPs decreases. Furthermore, purification often involves up-
concentrating dispersions e.g. through centrifugation. During centrifugation the risk that
NPs crosslink is high due to short interparticle distances which increase the likelihood that
two NPs bind to the same neutravidin or biotinylated ligand (Figure [9.3p and b). Thus,
especially if larger quantities and high concentrations of functionalized NPs are required,

the biotin-avidin coupling strategies has several severe shortcomings.

Binding of HSP60-functionalized Nanoparticles

Binding of HSP60-antibody functionalized NPs to HSP60 receptors was measured with
QCM-D. HSP60 receptors were directly immobilized on SiO, QCM-D crystals before
these surfaces were passivated with poly-(L-lysine)-g(3.5)-PEG(2) (PLL-g(3.5)-PEG(2)),
for which PEG(2) was on average coupled to every 3.5/ amine group of the PLL. How-
ever, as can be seen by the non-specific binding of biotinylated NPs in Figure[9.Ib, surface
passivation was incomplete. Nevertheless, shifts in frequency (Af) and dissipation (AD)
of NPs functionalized with HSP60 antibodies were higher compared to NPs coated with
a neutravidin monolayer (Figure [9.1b). Thus, the affinity of HSP60 antibody function-
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alized NPs to the HSP60 ligand presenting surfaces was higher compared to unfunction-
alized NPs. This is similar to what has been seen for anti-VCAM-1 functionalized NPs,

illustrating the versatility of this functionalization approach.

9.2.5 Shortcomings of the Biotin-Avidin Coupling Strategy

One of the main disadvantages of the NP functionalization through the biotin-avidin cou-
pling strategy is the risk that NPs agglomerate during the the layer-by-layer assembly and
subsequent purification of such-functionalized NPs. During and after biotinylated NPs
are coated with neutravidin (or avidins in general), different biotinylated NPs can bind to
the same neutravidin leading to agglomeration. To prevent crosslinking while biotinylated
NPs are coated with neutravidin, biotinylated NPs always have to be slowly added to a
solution containing an excessive amount of neutravidin before neutravidin functionalized
NPs have to be thoroughly washed to remove excessive neutravidin. As a result, biotiny-
lated NPs are surrounded by a neutravidin monolayer.

It is even more difficult to prevent agglomeration of neutravidin coated NPs during func-
tionalization with ligands that bear multiple biotin sites. These ligands typically are ex-
pensive. Therefore, they cannot be dispersed at high concentrations. However, the latter
would be required to reduce the risk that neutravidin coated NPs are crosslinked by these
ligands during functionalization. Therefore, NP agglomeration during this functionaliza-
tion step is almost unavoidable. It might be possible to reduce the risk of crosslinking
by adding free biotin to the ligand NP solution slightly after neutravidin coated NPs have
been added. Free biotins block some of the biotin binding sites of neutravidin and thus
reduce the crosslinking risk. However, this procedure is not well controlled because it is
difficult to quantify the exact NP and therefore neutravidin concentration during function-
alization. Only if the neutravidin concentration is known, the number of biotin binding
sites, and therefore the biotin concentration required to partially saturate free biotin bind-
ing sites, can be estimated.

Furthermore, for most of the applications, functionalized NP solutions typically have to
be up-concentrated many times. This adds an additional preparation step and increases
the risk for NP crosslinking. Needless to say that if dispersants are reversibly bound to
the NP surface, dissociation of biotinylated dispersants that are linked to neutravidins
also results in free neutravidin in solution which can be another cause for agglomeration
of neutravidin coated NPs functionalized with biotinylated ligands.

In summary, while NP functionalization through the avidin-biotin coupling strategy is ex-
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Figure 9.6: Coupling of SANH with SFB. Schematics of the coupling reaction of (a) succinimidyl 6-
hydrazinonicotinate acetone hydrazone (SANH) with (b) 4-formylbenzamide (4FB) which results in a stable
bis-arylhydrazone.

perimentally easy and versatile, it is only suited for applications that do not require long

term NP stability and where NPs are applied under dilute conditions.

9.3 Nanoparticle Functionalization through Covalent
Bonds

9.3.1 Succinimide 4-Formylbenzamide (SFB) - Succinimidyl 6-
Hydrazinonicotinamide Acetone Hydrazone (SANH) Coupling
Strategy

SFB and SANH readily react with each other to a stable bis-arylhydrazone under the
formation of a Schiff base (Figure[9.6). This reaction can be conducted under physiologic
conditions. This renders it attractive especially for coupling biological entities to NPs.
Furthermore, the progression of the reaction can be followed with UV/VIS spectroscopy
because the conjugate absorbs at 354 nm. Thus, the ligand density at the NP surface can,
in theory, be quantified with UV/VIS spectroscopy. However, because the absorption of

the iron oxide cores steadily increases from 800 nm to 200 nm, the absorption of the bis-
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arylhydrazone is convoluted with the iron oxide absorption. In practice, the ligand density
at the iron oxide NP surface can therefore not be quantified with UV/VIS spectroscopy.
Nevertheless, The SFB/SANH coupling strategy is attractive for multiple reasons. SFB
and SANH can be coupled to the NPs and ligands separately, before ligands are bound to
the NP surface. Additionally, the SFB/SANH coupling can be performed under similar
conditions as biotin-avidin coupling. It is therefore an experimentally easy, attractive
alternative modification method to the biotin-avidin linkage where the additional protein
layer on the NP surface can be avoided.

As detailed in section[3.4.3] NPs were stabilized with PEG(5)-nitroDOPA where 50 mol%
of the dispersant had an acrylate end-terminal. Ethan-1,2-diamine was coupled to these
NPs before SFB could be bound to the NP shell. SANH was coupled to amine groups of
HSP60 antibodies. Because HSP60 antibodies contain multiple amine groups, they were
modified with several SANH groups per antibody.

When SFB modified NPs were incubated with SANH modified HSP60 antibodies, NPs
started to agglomerate resulting in visible precipitates within 2 h of incubation at RT. Only
a small fraction of these NPs passed 200 nm cut-off filters indicating that agglomerates
were larger than 200 nm. This is a strong indication that NPs are crosslinked through
multiple SANH binding sites of HSP60 antibodies as schematically shown in Figure[9.3c.
This is similar to what was observed on neutravidin coated NPs that were incubated with
biotinylated antibodies. Thus, unless ligands only have one functional group per ligand,
efficient coupling strategies lead to NP crosslinking. They are therefore not suited for NP

functionalization in the same way as described for the biotin-avidin coupling strategy.

9.3.2 Functionalization through Michael Addition

A less efficient possibility to covalently couple amine containing ligands to acrylate func-
tionalized NPs compared to the SANH/SFB strategy is the Michael addition. As was
reported by Surendra et al. [327] amines can be coupled to acrylates in water and RT,
conditions many ligands withstand. As a result of the lower coupling efficiency, individu-
ally stabilized iron oxide NPs agglomerated significantly slower during functionalization
with HSP60 antibodies as compared to the ones functionalized through the SFB/SANH
coupling strategy.

NPs functionalized with HSP60 antibodies which passed 200 nm cut-off filters, readily
bound to protein A surfaces as was tested with QCM-D experiments (Figure[9.7a). How-

ever, if NPs were functionalized at higher NP concentrations (~ 10 mg/ml), almost all



254 9. IRON OXIDE NANOPARTICLE FUNCTIONALIZATION

10 - 7 50 10
pFotem A a protein A b
&5 f

£-30-

if (Hz)

T T T =,

0O 20 40 60 80 100
t (min)

Figure 9.7: Functionalization of NPs with antibodies. Iron oxide NPs synthesized in the MW were sta-
bilized with 30 mol% acrylate-PEG(5)-nitroDOPA and 70 mol% PEG(1.5)-nitroDOPA (-0-). Binding of
these NPs to protein A presenting surfaces was measured with QCM-D by following changes in the fre-
quency (filled symbols) and dissipation (empty symbols). Moreover, such NPs were further functionalized
with HSP60 antibodies by coupling the amines of antibodies to acrylates presented at the NPs surface
through a Michael addition. Binding of HSP60 antibody functionalized NPs (--) where the functionaliza-
tion was done at a NP concentration of (a) 0.2 mg(iron oxide)/ml and (b) 10 mg(iron oxide)/ml is shown. In
another attempt to functionalize NPs at a concentration of 10 mg(iron oxide)/ml, antibodies were coupled
to NPs through an SANH-SFB coupling strategy (-0O-). As a reference, binding of free HSP60 antibodies,
aliquotted at a similar concentration as was used to functionalize NPs with, was measured (-O-).

NPs were removed if they were pushed through 200 nm cut-off filters indicating strong
NP agglomeration. NPs that passed the filters likely did not present HSP60 antibodies on
their surface. They thus did not crosslink. Consequently, QCM-D response was very low
if NPs, that passed 200 nm cut-off filters, but were functionalized at high NP concentra-

tions, were presented to protein A surfaces (Figure [9.7p).

Disadvantages of Antibody Ligands

Functionalization of NPs with antibodies and other ligands of similar sizes is difficult.
It requires chemical modifications of the ligands that result in one active linking site per
ligand through which the ligand can be coupled to the NP surface. This is challenging
especially because the chemical composition of antibodies is often unknown.

Another problem of ligands of the M,, of antibodies is their size. Antibodies are often of
similar size as the hydrodynamic diameter of unfunctionalized NPs. Thus, if such NPs
are functionalized with antibodies, their hydrodynamic size markedly increases. This can
hinder their diffusion [95]]. Furthermore, they are thought to decrease the NP circulation
time due to non-specific protein adsorption to antibodies. Therefore, functionalization of
NPs with antibody fragments such as aptamers and small peptide sequences, that have a

known chemical composition, might be more promising [95,1528]]. Other potential ligands
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Figure 9.8: UV/VIS spectra of dual labeled iron oxide NPs synthesized in the oil bath. UV/VIS spectra of
5 nm core radius iron oxide NPs synthesized in the oil bath were stabilized with 50 mol% acrylate-PEG(5)-
nitroDOPA and back-filled with 50 mol% PEG(5)-nitroDOPA (-m-). These NPs were further labeled with
FITC-NH, (-+-) and rhodamine (-¢-) by coupling the fluorophores to acrylates presented at the NP surface
through a Michael addition.

where issues such as NP crosslinking during functionalization can be circumvented are
DNA and RNA sequences. They can easily be modified with specific end-terminals such
as cysteins which allows for controlled covalent coupling of these ligands to NP surfaces
without the risk of NP crosslinking.

9.3.3 Functionalization with Fluorophores

PEG-nitroDOPA stabilized NPs crosslinked during functionalized with antibodies lead-
ing to a loss of control over their size. Therefore, functionalization of such NPs with an-
tibodies was not successful. However, the same iron oxide NPs, stabilized with PEG(5)-
nitroDOPA where 50 mol% of the dispersants were acrylate end-terminated, could be
functionalized with a second label such as fluoresceine (FITC) or rhodamine.
Fluorophores containing one NH, per molecule were covalently linked to these acrylate
presenting iron oxide NPs. NPs were incubated with fluorophores for 3 h in Millipore
water at 30 °C before excessive fluorophores were removed by running NPs through a
Sephadex column three times to ensure complete removal of unbound molecules.

While PEG-nitroDOPA stabilized iron oxide NPs showed the broad absorption inherent
to iron oxide NPs, NPs functionalized with FITC and rhodamine showed additional char-
acteristic absorption peaks at ~ 488 nm and 511 nm respectively (Figure[9.8§).

However, a fluorescence peak could only be observed if NPs were functionalized with
a high number of fluorophores. The need for high fluorophore concentrations might be

assigned to the broad absorption of iron oxide NPs that is convoluted with the absorption
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and emission of these fluorophores and to partial fluorophore quenching induced by iron
oxide as has been previously reported [[112]].

In line with this report, NPs functionalized with a mixture of PEG(5)-nitroDOPA and
FITC-nitroDOPA, where FITC was directly coupled to nitroDOPA, did not fluoresce
unless the FITC-nitroDOPA concentration exceeded 25 mol%. However, at these high
FITC-nitroDOPA concentrations, NPs started to visibly agglomerate due to insufficient
PEG(5) packing density. No DLS could be measured on these fluorescent NPs because of
the interference of fluorescence with the detection of scattered light. Thus, NP stability
could only be visually inspected. In summary, stable iron oxide NPs only started to flu-
oresce, if the fluorophores were separated from the iron oxide core by a sufficiently long
PEG-spacer.

9.4 Summary

Motivated by its versatility and experimental ease, biotin-avidin is a well-known, often
used NP functionalization method. However, we found that individually stabilized NPs
that present biotin at their surface start to agglomerate if they are functionalized with bi-
otinylated ligands either during coating with avidin (if the ratio of avidin : NPs is too low
such that NPs cannot be surrounded by an avidin monolayer), or during functionalization
with biotinylated ligands (if the ligands bear multiple biotin sites). NP crosslinking be-
comes especially severe if coupling is performed at high NP concentration and/or during
up-concentrating samples.

A promising alternative to the biotin-avidin linkage is to covalently couple functionali-
ties to the NP surface. If ligands are directly covalently bound to the dispersant shell,
an additional protein layer, that surrounds the NP core, can be omitted. This reduces the
risk for non-specific protein adsorption to the ligands. The large number of well-known,
established covalent coupling reactions that can be performed under close to physiologic
conditions renders this strategy versatile even though it requires in situ chemistry. The
high flexibility and close control over the interfacial chemistry and thus ligand density
of individually stabilized NPs, ensured by the irreversible binding of nitroDOPA to the
Fe304 NP surface, allows to easily and cost-effectively custom modify resulting multi-
functional NPs.

However, irrespective of the coupling strategy, NP crosslinking can only be completely

prevented if ligands have exactly one distinct coupling group per molecule through which
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they can be linked to the NP surface. This requires a known chemical composition of the
functionalities which is often not the case e.g. for antibodies. Thus ligands such as DNA,
RNA or aptamers that can synthetically be produced, have a known chemical composition
and compared to antibodies a low M,, are more promising ligands [528]. They can be en-
gineered to circumvent the crosslinking problem and lead to less non-specific interactions
in vivo.

Individually stabilized NPs could readily be functionalized with fluorophores that, in con-
trast to antibodies, contain exactly one NH, group per molecule. These flourophores
were covalently attached to acrylate presenting surfaces through a Michael addition. The
resulting bimodal contrast agents allow to detect NPs e.g. with MRI and fluorescence
microscopy. This is often desired especially for in vitro biological and biomedical ap-
plications [115}116]. The presented approach can easily be extended to other and more
functionalities such as radiotracers [[121]] and QDs [[72,1529].






CHAPTER 10

Assembly of Iron Oxide Nanoparticles into Thermoresponsive

Superstructures

10.1 Background

Nanoscale vesicles are crucial not only for drug delivery applications [S30-532]] but also
of high interest to perform ex vivo encapsulation, delivery and nanoscale chemistry [140,
533]). Irrespective of the application, it is highly beneficial to externally trigger release of a
controlled dose of the encapsulated cargo at a specific time and location [147]], as opposed
to release that merely relies on passive diffusion or in response to global environmental
changes [148]].

10.1.1 Liposomes

One of the most researched delivery vehicles are liposomes [S30]]. Liposomes are assem-
bled from naturally occurring phospholipids, one of the most common building blocks of
cells. They are thus naturally compatible with in vivo applications. Thus, liposomes are
considered to be promising drug delivery vehicles for in vivo applications [[103, 1377, 1534].
Their composition and surface presentation of functional units, which determine their
properties and performance, can easily be tailored by assembling them from different
phospholipids mixtures [137, 530, 535-537]. Furthermore, they can ferry hydrophilic
and hydrophobic cargo as hydrophilic species can be loaded in their lumen while hy-

drophobic compounds can be incorporated into the hydrophobic core of the lipid bilayer
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[103] which is » 4 - 5 nm thick [538-540]. However, due to size restrictions, only a lim-
ited amount of cargo can be loaded into liposomes [72]. This is a drawback that becomes

especially severe if the liposome size is small.

Liposome Preparation

Liposome size, size distribution and structure are determined by their preparation route.
Liposomes are generally prepared from phospholipids or phospholipid mixtures that are
dissolved in an organic solvent. The organic solvent is completely evaporated resulting
in a thin lipid film. This film is subsequently re-hydrated by adding water or an aqueous
buffer that optionally contains hydrophilic cargo. Re-hydration and swelling of multil-
amellar liposomes is done above the liposome membrane transition temperature 7,,, where
liposomes have been shown to self-assemble without further treatments [538,1541]].

To reduce the size and the lamellarity of multilamellar liposomes, they most often are
sonicated [535) 1538, 542] or extruded after they have been swollen [543]].

Compared to sonication, extrusion allows for better control over the size. Thus, this pro-
cedure is more reproducible. Sequential extrusion of multilamellar liposomes through
polycarbonate filters has been shown to result in unilamellar vesicles with a diameter
comparable to the filter pore size used during extrusion if the pore filter size is in the
nanometer range [543]]. Because of the close control over liposome size and the good

reproducibility, liposomes used in this thesis were extruded.

Liposome Biodistribution

If applied in vivo, liposomes are cleared through opsonization followed by an uptake by
the RES and end up in the liver and spleen [[136, 198, 544-546]. Liposome size and
charge determine their blood circulation time. Small, unilamellar liposomes circulate
significantly longer in the blood compared to multilamellar counterparts. Furthermore,
positively charged liposomes are cleared faster than negatively charged ones [547]].

In analogy to the PEG-coated NPs, protein adsorption, and thus the recognition of lipo-
somes by the body, can be reduced if they are surrounded by a PEG shell. This signifi-
cantly increases the liposome blood circulation time [220, [548-552]]. Whereas the addi-
tion of 5 mol% PEGylated phospholipids with a PEG M,, > 750 Da has been shown to
efficiently prolonge their blood half life time, similar circulation times could be achieved
with higher mol% of PEG(0.12)-DSPG [553]. However, liposomes modified with a low
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concentration of PEGylated phospholipids are more prone to enzymatic degradation by
lipopolimerases compared to unmodified liposomes [554]. Thus, if good liposome stabil-
ity and long circulation times are to be achieved, the PEG chains surrounding liposome

bilayers have to be in the mushroom to brush or brush regime [554].

Cargo Release

The permeability of liposomes is greatly enhanced around 7;, [141] which depends on the
lipid composition [[142} 143]]. Uncharged cargo is released from liposomes as the solution
around the liposome membrane is heated above 7;,,.

If used as drug delivery vehicles, 7;, was typically designed to be close to body temper-
ature. This resulted in leakage during circulation [555)]. In contrast, if 7, is chosen far
above body temperature, release is inefficient [556, 557]. To circumvent the incompati-
ble requirements of simultaneous release efficiency and low passive leakiness, liposomes
have been loaded with hydrophilic plasmonic [175]] and magnetic [[152} [169] NPs to trig-
ger cargo release with light and high frequency alternating magnetic fields (AMF) respec-
tively.

If optical triggers are used, they have to absorb light in the near IR region (~ 600 nm -
1000 nm). In this region, tissue absorbs least [58, 59] and thus the penetration depth of
light is highest. However, even if Au NPs and nanocages are specially engineered, they
have to be at least 50 nm in size to absorb in the near IR region [60]. This severely limits
their applicability as actuators of superstructure for biomedical applications. In contrast,
magnetic NPs only have to be larger than ~ 2 nm in radius to be magnetically responsive
[15].

Very recently, triggered release of liposomes containing oleic acid stabilized iron oxide
NPs associated with their membranes was shown. However, these liposomes agglomer-
ated at room temperature and were inherently leaky [176]. Furthermore, oleic acid stabi-
lized NPs agglomerated and therefore are unlikely to efficiently incorporate into liposome
bilayer due to size constraints [313]]. Thus, the feasibility to incorporate hydrophobic iron
oxide NPs into the liposome membrane in a controlled way remains to be shown.

In this chapter, a protocol to assemble PEGylated stealth liposomes with 7;, far higher than
body temperature and hosting individually stabilized iron oxide NPs in their membranes
is established. Emphasis is put on the characterization of the resulting superstructures
including the mechanism of cargo release that can be triggered with AMF pulses. Re-

lease efficiency and performance of the with iron oxide NP doped liposomes are shown
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Figure 10.1: TGA of palmityl-nitroDOPA stabilized NPs. TGA was measured on small (-@-) and large
(-m-) iron oxide NPs stabilized with palmityl-nitroDOPA. Measurements were performed under gas flow
consisting of 47.4 sccm Ar and 12.6 sccm O;.
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Figure 10.2: DLS of liposomes containing NPs in their membranes. DLS measurements of DSPC lipo-
somes containing 5 mol% PEG(2)-PE. Liposomes prepared by extrusion (filled symbols) and sonication

(empty symbols) were loaded with small (-@-) and large (-A-) iron oxide NPs that were stabilized with
palmityl nitroDOPA.

to relate directly to the structure and stability of the NP-lipid assemblies. The latter are
investigated by small angle neutron scattering (SANS), transmission electron microscopy
(TEM), differential scanning calorimetry (DSC), thermogravimetry analysis (TGA) and

fluorescence spectroscopy (FS).
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10.2 Liposome Assembly

10.2.1 Hydrophobic Iron Oxide Nanoparticles

As was shown in chapters [6] and [7} nitroDOPA is well suited to firmly bind dispersants
to iron oxide NP surfaces. However, if NPs are to be assembled into the hydrophobic
part of liposomes, they have to be stabilized with a hydrophobic dispersant. For this
purpose, nitroDOPA was covalently linked to NHS-activated palmitic acid resulting in
palmityl-nitroDOPA (section [3.1.5). Iron oxide NPs synthesized in the oil bath for 24
h at 150 °C, resulting in an average core radius of 2.5 nm, are denoted as small NPs.
NPs synthesized at 180 °C, yielding in average core radii of 5 nm, are denoted as large
NPs (see section for details on the NP synthesis). These NPs were stabilized with
palmityl-nitroDOPA according to the procedure detailed in section [3.3.3]

According to TGA measurements, the weight percent of palmityl-nitroDOPA adsorbed
on small and large iron oxide NPs was 17 wt% and 11 wt%, respectively (Figure [10.1).
This yields a dispersant packing density of 1.5 molecules/nm? independent on the core
size if the core size distribution determined from TEM micrographs (Figure [5.23)) is taken

into account.

10.2.2 Assembly of Liposomes

The detailed protocol of the assembly of liposomes containing iron oxide NPs in the hy-
drophobic core of the lipid bilayer is described in section [3.6.2] In brief, iron oxide NPs
surrounded by a palmityl-nitroDOPA shell were dispersed in chloroform and mixed with
DSPC lipids containing 5 mol% PEG(2)-PE unless stated otherwise. After chloroform
was removed under continuous N,-flow, lipids were re-dispersed in aqueous media. Soni-
cation yielded in a high concentration of micelles as was shown by the small size of the re-
sulting objects measured with DLS (Figure[I0.2). Liposomes that were extruded resulted
in significantly larger objects indicating that less micelles were formed (Figure[10.2)). To
minimize the risk for micelle formation and to be able to control the liposome size, lipo-
somes were prepared by extrusion. Therefore, the MLVs formed after rehydration were
sequentially extruded 10 and 31 times through polycarbonate filters with 200 nm and 100

nm pore sizes respectively.
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Figure 10.3: Cartoon of liposomes containing iron oxide NPs in their bilayer. NitroDOPA-palmity] sta-
bilized iron oxide NPs are embedded in liposome membranes. The liposome membranes contain 5 mol%
PEGylated lipids to prevent liposome agglomeration if stored in the gel phase (T < T,,).

10.3 Characterization of Liposomes

10.3.1 Influence of Dispersant

Individually palmityl-nitroDOPA stabilized iron oxide NPs spontaneously incorporated
into the liposome bilayer (as schematically shown in Figure [I10.3). To analyze the mor-
phology of liposomes hosting iron oxide NPs in their membranes, liposome dispersions
were frozen in liquid ethane and investigated with cryo-TEM under liquid N, temperatures
(Figure[10.4p, c, d). According to cryo-TEM images, the vesicular, spherical structure of
liposomes was retained also when iron oxide NPs were embedded in their membranes.
However, due to the small size of iron oxide NPs, yielding poor contrast in TEM, and the
background-contrast from vitrified ice, it was difficult to visualize NPs with cryo-TEM.
To unequivocally unravel the presence iron oxide NPs in liposomes, liposomes were fixed
with trehalose, air-dried and imaged with conventional TEM. If fixed with trehalose, li-
posomes should collapse during drying resulting in a 2D projection of their natural 3D
shape. Trehalose further prevents re-distribution of phospholipids and iron oxide NPs
during drying.

As can be seen in Figure [10.5] well-dispersed iron oxide NPs were associated with these
liposomes. If palmityl-nitroDOPA stabilized, hydrophobic NPs were loaded in the lipo-
some lumen, they would instantaneously agglomerate upon addition of water or buffer.
Therefore, these NPs have to be embedded in the liposome membrane. The observation
that palmityl-nitroDOPA stabilized NPs were well dispersed and embedded in the lipo-
some membrane was in strong contrast to oleic acid stabilized NPs. The latter agglom-
erated and formed micelles as revealed by cryo-TEM (Figure [10.4p) and by the much

darker color seen by optical inspection (Figure [10.6p) of as-extruded liposomes.
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Figure 10.4: Cryo-TEM of DSPC liposomes containing 5 mol% PEG(2)-PE lipids. Cryo-TEM images
of DSPC liposomes containing 5 mol% PEG(2)-PE that were (a) unmodified, incorporated (b) oleic acid
coated small iron oxide NPs, palmityl-nitroDOPA stabilized (c) small and (d) large iron oxide NPs.
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Figure 10.5: DSPC liposomes doped with small palmityl-nitroDOPA stabilized NPs. TEM image of DSPC
liposomes containing small palmityl-nitroDOPA stabilized iron oxide NPs in their membrane. Liposomes
were fixed with trehalose and air-dried on a carbon film supported TEM grid.

Palmityl-nitroDOPA Stabilized Nanoparticles

To further characterize the structure of liposomes hosting palmityl-nitroDOPA stabilized
small NPs in their membranes, liposomes were freeze-dried on a carbon supported TEM
grid and analyzed with STEM. Freeze-drying should result in a 2D projection of the 3D
shape of vesicles and prevent re-distribution of phospholipids and iron oxide NPs during
drying, similar to trehalose. Trehalose fixation did not work for STEM analysis because
trehalose contaminated the vesicular structures immediately upon exposure to the STEM
beam resulting in a thick hydrocarbon film. This hydrocarbon film prevented a detailed
chemical analysis with STEM. Therefore, liposomes were freeze-dried.

Images were acquired using a secondary electron (SE) and a high angle annular dark field
(HAADF) detector. Additionally, chemical analysis was performed using electron dis-
persive X-ray (EDX) spectroscopy. Because secondary electrons can only escape from
locations in close proximity to the surface, structures detected with the SE detector must
be localized at the surface. The HAADF detector is sensitive to heavy elements. A com-
parison of Figures [[0.6b and c taken from the same region and considering the chemical
analysis of this location (Figure [[0.6{d), allows assigning the white spots to iron oxide
NPs. Furthermore, because these NPs were not seen in Figure |'1®_W|c, they must be cov-
ered by a continuous organic film.

According to Figure [I0.6[d, the organic tube seen in Figures [I0.6p and [I0.6f consists
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Figure 10.6: TEM analysis of liposomes. (a) Photograph of unmodified DSPC/PEG(2)-PE liposomes and
liposome solutions containing palmityl-nitroDOPA and oleic acid surface modified small iron oxide NPs
respectively. These liposomes were freeze dried on a carbon supported TEM grid. TEM images of freeze
dried DSPC/PEG(2)-PE liposomes containing palmityl-nitroDOPA modified small iron oxide NPs in their
membrane. The same location was imaged with the (b) HAADF and (c) SE detector. (d) EDX analysis
performed on the structure shown in (b) and (c) confirmed that the white spots seen in Figure (b) are iron
oxide NPs covered by a thin organic film consisting of C, N, O and P. Thus, the film can be assigned to a
phospholipid membrane. Cu, Al and Si signals originate from the holder and TEM grid respectively.

of C,0, N and P. It thus can be assigned to phospholipid membranes that most likely
deformed either upon adsorption on a glow-discharged, hydrophilic carbon film or upon
drying. Hence, iron oxide NPs individually stabilized with palmityl-nitroDOPA must be
embedded in phospholipid membranes. This is well in agreement with the observations
made with cryo-TEM (Figure [10.4k) and conventional TEM of liposomes embedded in
vitrified ice and trehalose fixed liposomes respectively (Figure [I0.5).

Effect of Nanoparticle Stability

The striking difference between palmityl-nitroDOPA and oleic acid stabilized NPs can
be related to the binding affinity of the dispersant to iron oxide. While nitroDOPA was
shown in chapters 6] - [§]to irreversibly bind dispersants to iron oxide surfaces, oleic acid is
a reversibly adsorbing dispersant. Reversible dispersant adsorption renders oleic acid sta-
bilized NPs prone to agglomeration. Note that NP aggregation could have occurred either
within the lipid membranes or before incorporation of the NPs in liposome membranes.

Oleic acid stabilized 3 - 15 nm iron oxide NPs mixed with phospholipids in organic sol-

vents and re-dispersed in aqueous media have been shown to be surrounded by a phos-
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pholipid monolayer yielding stable NPs in aqueous media [558, 559]]. Thus, the micelles
found by cryo-TEM (Figure[10.4b) were likely stabilized by a phospholipid monolayer.
That agglomerated NPs cannot be incorporated into liposome membranes is related to
their size. Theoretical studies suggest a threshold maximum NP diameter of 6.5 nm [313]
for incorporation of neutral NPs [314] into lipid bilayers. Larger or charged cores are
preferentially encapsulated in lipid monolayers resulting in micelles.

This size limit is well in agreement with the cryo-TEM images (Figure [10.4c, d). Due
to the broad core size distribution, even large NPs (with an average core radius of 5 nm)
contain a fraction with cores with radii < 2.75 nm (Figure [5.23). Indeed, TEM images
revealed only NP cores with radii < 2.75 nm in liposome membranes irrespective whether
liposomes were doped with small or large NPs (FigurgI0.4f, d). Similar results have also
been observed experimentally for 3 nm trioctyl phosphine (TOPO) stabilized quantum
dots (QDs) that could be readily embedded in liposome membranes in contrast to 8 nm
QDs [306].

10.3.2 Loading Efficiency

The loading efficiency of iron oxide NPs into liposomes was quantified with TGA. Unil-
amellar liposomes were found to maximally host 10 + 4 and 12 + 2 wt% small and large
palmityl-nitroDOPA stabilized iron oxide NPs respectively, corresponding to 2 - 3 vol%
iron oxide cores. This yields a loading efficiency of ~ 30%. Iron oxide cores larger than
the critical diameter, that were not surrounded by a phospholipid monolayer, most likely
started to agglomerate upon contact with aqueous solutions and were removed during

extrusion.

10.3.3 Effect of Nanoparticle Size on Liposome Morphology

Only insignificantly lower wt% of small compared to large iron oxide NPs were associ-
ated with liposome membranes. Furthermore, TEM images of trehalose fixed liposomes
containing small and large NPs in their membranes indicated that no NPs with core radii
> 2.75 nm were embedded in liposome membranes (Figure [I0.7). Thus, only NPs with
core radii < 2.75 nm could assemble in the liposome bilayer. According to TGA, 30%
of the NPs added to the lipid/NP dispersion prior to liposome extrusion were present in

the liposome dispersion after extrusion (section [10.3.2). However, TEM analysis of the
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Table 10.1: SANS characterization of DSPC/PEG(2)-PE liposomes.

NPs T (OC) dmembrane RG of PEG | r vesicle (nm)
(nm) (nm)
no 25 4.6 1.8 46 £ 6
small | 25 4.6 1.6 23 +2
large | 25 4.6 1.8 47+ 6
no 60 4.2 1.7 47+ 5
small | 60 4.5 1.7 22 +2
large | 60 4.1 1.8 48 +5

Figure 10.7: TEM of trehalose fixed liposomes doped with iron oxide NPs. DSPC liposomes doped with
(a, b) small and (c) large iron oxide NPs stabilized with palmityl-nitroDOPA were fixed with trehalose and
air-dried on a carbon film supported TEM grid. In (b) liposomes partially ruptured and formed films that
contained densely packed NPs.
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Figure 10.8: DSPC liposomes containing 5 mol% PEG(2)-PE characterized by scattering techniques. (a)
DLS curves of DSPC liposomes containing 5 mol% PEG(2)-PE as-extruded (filled symbols) and after 4
weeks storage at 4 °C (empty symbols) of unmodified (-@-), with palmityl-nitroDOPA surface modified
small (-m-) and large (-A-) iron oxide NPs. (b) SANS measurements of unmodified DSPC/PEG(2)-PE
liposomes (black), DSPC/PEG(2)-PE liposomes containing small (red) and large (blue) iron oxide NPs
in their membranes are shown. These data were fitted with a form factor for bilayer vesicles that was
extended to account for the PEG brush that surrounds the bilayers. (c) SANS data measured on unmodified
DSPC/PEG(2) liposomes at RT (black) and 60 °C (gray). Similarly, DSPC/PEG(2)-PE lipsomes containing
small iron oxide NPs in their membranes were measured at RT (red) and 60°C (magenta).
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Figure 10.9: Incorporation of small iron oxide NPs into different liposomes. (a) DLS measurements of
liposomes containing 5 mol% PEG(2)-PE lipids. Unmodified liposomes (empty symbols) were compared
to liposomes that hosted small palmityl-nitroDOPA stabilized iron oxide NPs in their membranes (filled
symbols). Liposomes consisted of DSPC (-m-) (7,, = 55 °C), SOPC (-A-) (T}, = 6 °C) and POPC (-@-) (7,
=-2 °C). The chemical structure of (b) DSPC (18:0 PC), (c) SOPC (18:0-18:1 PC) and (d) POPC (16:0-18:1
PC) is shown.

core size distribution of the large NPs revealed, that far less than 30% of these cores have
a radius < 2.75 nm (Figure [5.23)). Therefore, not all large NPs present in the liposome
dispersions could be embedded in the liposome membrane.

NPs with radii > 2.75 nm likely formed micelles similar to oleic acid coated agglomerated
NPs. If these larger NPs are surrounded by a phospholipid monolayer, they are stable in
solution and thus pass filters during extrusion. The fact, that not all NPs > 2.75 nm in
radius were surrounded by a phospholipid monolayer and thus colloidally stable under
physiologic conditions might be caused by incomplete lipid coverage of some of the hy-
drophobic NPs during re-hydration and extrusion.

DSPC liposomes containing 5 mol% PEG(2)-PE loaded with small NPs were signifi-
cantly smaller compared to liposomes loaded with large NPs and unmodified liposomes
when extruded with the same pore size of the extrusion membranes (Figure [10.9) and
Table [I0.1). Because of the size cut-off above which NPs cannot get embedded in the
liposome membrane any more, liposomes functionalized with small NPs likely hosted
more NPs in their membranes compared to liposomes functionalzed with large NPs. The
smallest size of liposomes functionalized with small NPs thus indicates that lipsomes get

smaller with increasing amount of iron oxide NPs embedded in their membranes (Fig-

ure [[0.8] and Table [10.T]).
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Table 10.2: Quantification of the amount of NPs in liposomes determined by TGA.

lipid NPs | amount of NPs in | amount of NPs in | number of NPs
liposomes (wWt%) | liposomes (vol%) | per liposome
DSPC small | 3 0.6 18
DSPC large | 6 1.2 38
DSPC/PEG(2)-PE | small | 10 +2 2.1 66
DSPC/PEG(2)-PE | large | 12 1 2.6 81
SOPC/PEG(2)-PE | small | 14 3.1 97
POPC/PEG(2)-PE | small | 8 £ 0 1.7 52

10.3.4 Effect of Lipid Composition

To elucidate the influence of the lipid tail length and configuration on the loading effi-
ciency of NPs and its relation to the effect of NPs on the liposome size, small NPs stabi-
lized with palmityl-nitroDOPA were embedded into liposomes consisting of DSPC (18:0
PC), SOPC (18:0 -18:1 PC) and POPC (16:0 -18:1 PC) (Figure [10.9). All liposomes
contained 5 mol% PEG(2)-PE. Small NPs could, within experimental error, be loaded
equally efficiently into all investigated liposomes (Table [I0.2)). Interestingly, irrespective
of the lipid composition, all liposomes containing small iron oxide NPs in their mem-
branes were significantly smaller than the respective reference liposomes (Figure [10.9).
This indicates that the NP incorporation efficiency and the change in liposome size upon
loading with NPs are not critically affected by unsaturated bonds in the lipid tail and the
lipid tail length (cf. Figure [10.9b-d).

A similar observation concerning decreased size of polymersomes after incorporation of
hydrophobic QDs into the membrane was made by Binder et al. [312]. While the reason
for the reduced size remains to be determined, it might be simply due to a reduced effec-
tive pore size of the extrusion membranes determining the liposome size [543], as NPs
clearly clogged the filter membranes. As shown below, NPs also affected the curvature
of liposome membranes which, although less likely, could lead to a smaller equilibrium

size.

10.3.5 Membrane Distortions Caused by Nanoparticles

DSPC Liposomes

To elucidate membrane distortions caused by NPs embedded in the liposome membrane,
SANS measurements were performed on DSPC liposomes at RT and 60 °C (Figure[10.10R
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Figure 10.10: SANS measurements of DSPC liposomes. SANS data and the corresponding fits of DSPC
liposomes acquired at (a) RT and (b) 60 °C are shown. DSPC liposomes were unmodified (black), func-
tionalized with palmityl-nitroDOPA stabilized small (red) and large (blue) iron oxide NPs. Liposomes were
dispersed in D, 0. (c) The contributions from the form factor of (A) core-shell NPs (green), (B) bilayer vesi-
cle (blue) and the (C) constantly increasing background (gray) to the fit (red) are shown for DSPC liposomes
doped with small NPs, measured at RT. (d) Cartoon of distortions in the liposome membrane caused by iron
oxide NPs.

Table 10.3: Quantification of DSPC liposomes based on SANS data shown in Figure[I0.10]

NPs d, RT | d, 60 °C | ryesicle T'vesicle
(nm) (nm) RT (nm) | 60 °C
(nm)
no 3.8 3.4 44 50
small | 9.7 8.1 24 31
large | 10.4 9.3 47 33
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and b). These data were analyzed using a combination of a form factor for bilayer vesi-
cles and core-shell NPs (Figure [I0.10c). The thickness of the hydrophobic core of the
membrane was extracted from the change in slope at 0.24 nm~! < g < 1.20 nm~!. It was
quantified using a combination of a form factor for bilayer vesicles and one for core-shell
NPs.

Because of the weak scattering contrast of the phosphocholine head group (Nheaq = 2.78 x
10'0 cm~2 relative to Npao = 6.33 x 1010 ¢m=2), it is mainly the hydrophobic core of the
membrane (1) = -5.74 x 10° cm~2) that contributes to the scattering of the phospholipid
membrane. The phosphocholine head was simulated to be ~ 0.5 nm in size [540]. Thus,
considering the fitted values for d; (Table , the total thickness of DSPC liposomes of
4.8 nm at RT and 4.4 nm at 60°C is well in agreement with literature values [S60].

If iron oxide NPs are embedded in the liposome membrane, they force the bilayer to open
up (Figure [I0.10d) [305, 313]]. The radius of the NPs (core + shell) (rnp) was according
to SANS fits » 3.5 nm. Fully stretched palmityl has a length of ~ 1.7 nm, assuming a C-C
bond length of 0.154 nm [540]. Assuming palmityl-nitroDOPA is close to stretched if ad-
sorbed at the iron oxide NPs at a packing density of 1.5 molecules/nm? (section ,
the iron oxide cores are approximately 1.8 nm in radius. This core size is well in agree-
ment with TEM images (Figures [10.5] and [I0.7). rp is slightly larger than the cut-off
radius of 3.25 nm [313]. However, the palmityl-nitroDOPA shell might allow some inter-
penetration of the hydrophobic phospholipid tails. Thus, NPs with rnp slightly larger than
the critical value might still be incorporated into the liposome membrane (Figure[I0.10d).
However, because scattering from the hydrophobic tail yields the same contrast as scat-
tering of the palmityl-chains, the shell of these NPs with ryp » 3.5 nm could also be a
bilayer consisting of a palmityl-nitroDOPA and phospholipid monolayer (such that the
shell is defined by d3 in Figure [10.10d). According to Table d at RT is 3.8 nm
yielding a thickness of the DSPC monolayer of d1/2 = 1.9 nm. A complete interpenetra-
tion of phospholipids into the palmityl-nitroDOPA shell is unlikely as this would require
a drastic change in density and therefore massively change membrane properties such as
membrane fluidity and 7;,, which was, as will be shown below, not the case. Thus, even
if one assumes phospholipids can interpenetrate the palmityl-nitroDOPA monolayer by
50%, which seems to be unrealistically high, the NP core radius would be < 1 nm. This
is in disagreement with TEM micrographs (Figures and[10.7). Therefore, scattering
seen between 0.3 nm~! < g < 1.2 nm™! likely comes from iron oxide cores surrounded by
the palmityl-nitroDOPA monolayer.

The sum of the different contributions to d, (d» =2 rnp + dy) yields an upper limit of 10.8
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nm. The thickness of liposomes hosting NPs in their membranes quantified with SANS is
an intensity weighted average of the membrane thicknesses d that has to be in the range
of di < d < d,. The membrane thicknesses quantified with SANS at RT and 60 °C are
with 9.7 nm and 8.1 nm within this range (Table [I0.3). From the latter values, the area
fraction of liposome membranes that were opened up because NPs were localized in the
membrane core can be estimated. The scattering intensity scales with V2 where V is the
volume defined as V = Ad with A the area and d the membrane thickness. If the spherical
membrane curvature around NPs is averaged and converted into a step-profile, the upper

limit of the area fraction of the membrane, that is opened up (x) can be estimated as

xd3A%+ (1-x)dIA% = d2 , ogAP (10.1)

measure

According to these calculations, ~ 78% of the membranes are opened up. This in-
dicates a high coverage of NPs in the liposome membrane. It further hints to the fact
that the hydrophobic phospholipid tails do not significantly interpenetrate the palmityl-
nitroDOPA monolayer presented on the iron oxide NP surface. This supports the theory
described above that scattering seen between 0.3 nm~! < g < 1.2 nm~! is caused by the
iron oxide core surrounded by a palmityl-nitroDOPA monolayer and does not include
contributions from the surrounding phospholipid leaflets.

The high NP coverage indicated by SANS seems to be in contradiction to the NP load-
ing found with TGA (section [10.3.2)). However, especially the high NP coverage seen
in the film formed from ruptured vesicles upon drying the liposome in the presence of
trehalose (Figure [10.7b) supports the high NP loading found with SANS. The very small
mass of liposomes analyzed with TGA decreased the accuracy of these measurements.
Furthermore, organic contaminations, introduced during drying of liposome dispersions,
that contributed to the weight loss measured with TGA, were solely assigned to phospho-
lipids. Thus, TGA provides a lower limit of the NP loading.

DSPC liposomes agglomerated if stored at T < T, as the continued increase in Fig-
ure at low g-values (Figure [10.10) and the visible turbidity of these dispersions
indicate. In the SANS analysis, this agglomeration was accounted for by assuming a con-
stantly increasing background with a slope of -3.5, indicating densely packed agglomer-
ates. These agglomerates could be disagglomerated with time when heated to T > T,,,.
That liposomes stored in the gel phase (T < 7,,) agglomerate is well in agreement with

literature reports [309].
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DSPC Liposomes Containing 5 mol% PEG(2)-PE

The membrane distortions caused by iron oxide NPs embedded in DSPC/PEG(2)-PE li-
posome membrane could not be similarly extracted from SANS fits of DSPC liposomes
containing 5 mol%PEG(2)-PE as could be done for DSPC liposomes. Scattering caused
by PEG was convoluted by the scattering of the DSPC/PEG(2)-PE membrane (0.7 nm~! <
g < 1.2 nm™1). No significant difference in the membrane thickness of liposomes hosting
iron oxide NPs in their bilayers could thus be extracted at RT. However, the membrane
thickness of liposomes containing small iron oxide NPs remained almost unaltered if li-
posomes were heated to 60°C in contrast to control liposomes and liposomes hosting
large iron oxide NPs in their membranes (Table [I0.I)). The membrane thickness of the
latter decreased by ~ 10%, well in agreement with what was seen for DSPC liposomes
(Table and theoretical calculations [561]. Despite the changes in the membrane
thickness of unmodified liposomes and liposomes containing large iron oxide NPs in their
membrane, the liposome size and shape did not change significanly upon heating to 60 °C
(Figure [I0.8 and Table[I0.T)) indicating qualitative differences between unfunctionalized
liposomes and liposomes hosting small NPs in their membranes. Well in agreement with
DLS results, liposomes functionalized with small iron oxide NPs stabilized with palmityl-
nitroDOPA were found to be about two times smaller compared to unmodified liposomes
also by SANS (Table [I0.1).

In contrast to DSPC liposomes, DSPC liposomes containing 5 mol% PEG(2)-PE were
colloidally stable at RT for at least 4 weeks. This was observed by DLS (Figure [10.8h)
and supported by SANS results where SANS curves leveled off at low g-values (Fig-
ure [10.8b). PEG(2)-PE has been shown to be in the mushroom to brush transition regime
if incorporated at 5 mol% into liposomes with a radii of ~ 50 nm [562]. Thus, these lipo-
somes were surrounded by a dense PEG-brush that sterically stabilized liposomes.
Incorporation of PEGylated lipids into liposomes favors micelle formation. In fact, the
likelihood that micelles are formed increases with increasing amount of PEGylated lipids
in the liposomes [563]]. Thus, the concentration of PEGylated lipids in liposomes should
be high enough to provide good liposome stability but below the threshold where micelles

are formed.
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Table 10.4: Determination of T,, of DSPC liposomes by DSC.

| lipid | NPs | T,,(°C) |
DSPC no |53.0+0.2
DSPC small | 53.5 £ 1.0
DSPC large | 54.7 + 0.5

DSPC/PEG(2)-PE | no | 54.6 £0.7
DSPC/PEG(2)-PE | small | 55.0 + 0.2
DSPC/PEG(2)-PE | large | 54.6 £ 0.3
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Figure 10.11: DSC investigations of liposomes. DSC spectra of (a) DSPC liposomes and (b) DSPC lipo-
somes containing 5 mol% PEG(2)-PE lipids. The liposomes were (A) unmodified, or contained palmityl-
nitroDOPA stabilized (B) small and (C) large iron oxide NPs in their membrane.

10.3.6 Influence of Nanoparticles on 7,

Despite the considerable distortion of the membrane caused by NP incorporation, no sig-
nificant change in 7;, could be measured with DSC (Table [10.4] Figure [I0.11b). Fur-
thermore, DSC performed on liposomes that did not contain PEG(2)-PE revealed that the
addition of PEG(2)-PE only slightly increased 7, (Table Figure [10.11j), well in
agreement with literature [S64].

That 7, remains unchanged upon loading iron oxide NPs into the liposome membrane
indicates that these NPs do not alter membrane properties that determine 7, such as the
ordering of the hydrophobic tails. Thus, palmityl-nitroDOPA stabilized NPs are likely
localized in the middle of a lipid membrane that is opened up by these NPs and the
palmityl-nitroDOPA shell does not heavily interact with the hydrophobic regions of the
two liposome monolayers.

However, it also could be that 7, changed only locally at the sites of the NPs. If the

volume fraction of these perturbed areas is small compared to the total liposome volume,
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the sensitivity of DSC might be too low to detect such changes. However, given the high
membrane thickness of DSPC liposomes doped with small NPs quantified with SANS
(Table [10.4), a high fraction of the liposome membrane has to be opened up. Therefore,
the sensitivity of DSC should be sufficient to detect changes in 7;, in these areas. If 7;, in
areas NPs are accumulated would be different, two DSC peaks would be expected. This,
however, was not seen with DSC (Figure [10.1Tj).

The influence of NPs on 7, is disputed in literature. In agreement with our observation,
TOPO stabilized 5 nm CdSe quantum dots (QDs) [306] and decanethiol stabilized 5.7 nm
Ag NPs with a lipid : NP ratio > 73 : 1 [309] did not influence 7, if embedded in zwitte-
rionic membranes. In contrast, oleic acid coated iron oxide NPs embedded in zwitterionic
liposome membranes have been reported to increase 7, [176] whereas TOPO stabilized
CdSe/ZnS QDs decreased and broadened T, of cationic liposomes [310]].

Reversibly adsorbed dispersants, such as oleic acid, that dissociate from the NP surface,
diffuse into the membrane. Organic solvents and amphiphiles are well known to influence
membrane properties such as membrane fluidity and 7;,. A reason for the contradictory
literature on the influence of NPs on membrane fluidity and 7;, might thus be a varying de-
gree of ligand dissociation in addition to differences in NP loading and core sizes. Thus,
irreversibly adhering hydrophobic dispersants are likely not only crucial to prevent NP
agglomeration but also to avoid that membrane properties are altered in an uncontrolled

way.

10.4 Triggered Release

To probe permeation and actuation of liposomes containing iron oxide NPs in their mem-
branes, they were loaded with calcein, a self-quenching, membrane impermeable dye. At
the calcein loading concentration, fluorescence was suppressed through self-quenching.
Unencapsulated calcein was removed by running the liposome dispersions through a
Sephadex column (section [3.6.2). Therefore, the fluorescence of liposome dispersions
increased if calcein diffused through the liposome membrane into bulk solution. As can
be seen in Figure [I0.12p and b, calcein loaded DSPC/PEG(2)-PE liposomes containing
iron oxide NPs in their membranes readily released cargo if exposed to six subsequent
5 min lasting 230 kHz AMF pulses. The system was equilibrated for 1 min in between
every AMF pulse (the 5 min AMF pulse followed by 1 min equilibration is denoted as

AMEF sequence 1). No additional release was observed after these solutions had been ex-
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Figure 10.12: Alternating magnetic field triggered release. Release from DSPC liposomes containing 5
mol% PEG(2)-PE loaded with self-quenched calcein was measured by monitoring the fluorescence. (a)
AMF treatment for 6 x 5 min followed by 1 min equilibration between every AMF exposure did not re-
lease calcein from unmodified DSPC liposomes containing 5 mol% PEG(2)-PE (-@-). However, liposomes
hosting small (-m-) and large (- A-) palmityl-nitroDOPA stabilized iron oxide NPs in their membranes effi-
ciently released their cargo. The release from liposomes functionalized with palmityl-nitroDOPA stabilized
iron oxide NPs was 180% more efficient compared to that of liposomes prepared with oleic acid coated
NPs (- ¥ -) or liposomes that were loaded with hydrophilic PEG(1.5)-nitroDOPA stabilized small (-0-) and
large (-A-) iron oxide NPs. (b) Photograph of dispersions containing DSPC/PEG(2)-PE liposomes that
hosted palmityl-nitroDOPA stabilized small iron oxide NPs in their membranes before and after they were
treated 6 x 5 min with an AMF. The system was equilibrated for 1 min in between the AMF pulses. (c) DLS
measurements of DSPC/PEG(2)-PE liposomes (-@-) and DSPC/PEG(2)-PE liposomes functionalized with
palmityl-nitroDOPA stabilized small NPs (-m-) before (filled) and after (empty) AMF exposure are shown.
They reveal that the liposome structure is retained upon AMF treatment indicating that cargo is released
by the enhanced permeability of liposomes close to 7,,. (d) DSPC/PEG(2)-PE liposomes functionalized
with small palmityl-nitroDOPA stabilized NPs only started to release significant amounts of calcein at T
> 50 °C if externally heated (-O-). As a comparison, the normalized fluorescence of liposomes that were
exposed to an AMF as a function of 7' is shown for unmodified liposomes (-@-) and liposomes hosting
small palmityl-nitroDOPA stabilized NPs in their membranes (-m-).
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posed to 5 subsequent AMF pulses using sequence 1 (Figure [10.12h and [10.13}). This
was interpreted as complete release. Furthermore, calcein release ceased when the AMF

was turned off. This allowed to closely control the released dose.

10.4.1 Release Mechanism

The unchanged hydrodynamic radius of liposomes loaded with iron oxide NPs before and
after AMF treatment (Figure [[0.12fc) demonstrates that liposomes remained intact during
this treatment. Hence, cargo release relies on the increased liposome permeability around
Tin.

During exposure of liposomes to AMF sequence 1, the bulk water temperature increased
to 45°C after repeated exposure (Figure[I0.13b). The largest release occurred already dur-
ing the first pulse for which the temperature increased to 36 °C (Figure [I0.13). Control
experiments where liposomes containing iron oxide NPs were externally heated resulted
in release only when the temperature was above 50°C which is ~ 5 °C below T;, (Fig-
ure[10.124d).

In contrast to what has been reported previously [176l], liposomes without NPs in their
membranes also did not leak when subjected to AMF sequence 1 (Figure [[0.12h). The
much reduced leakiness of the liposomes investigated here can be explained by the higher
stability of liposomes sterically shielded with PEG(2)-PE compared to the results reported
for dipalmitylphosphocholine (DPPC) liposomes by Chen et al. [[176]].

10.4.2 Effect of AMF Sequence

If the AMF sequence was altered such that the system was exposed to 5 min AMF pulses
but equilibrated for 5 min between each AMF pulse (AMF sequence 2), the temperature
increase stabilized at 38 °C (Figure [I0.13p). Although release efficiency was lower than
for sequence 1, repeated cargo release was demonstrated over 12 subsequent AMF cycles
(Figure[10.13).

The slower but continued release is likely related to the effective time, a sufficiently large
area of the membrane has a temperature close to 7;,. Release of liposome cargo was not
observed if liposome dispersions were exposed to 10 subsequent AMF pulses that lasted 1
min followed by 1 min equilibration (AMF sequence 3). This indicates that the local heat

generated by the iron oxide NPs during the first minute of AMF treatment is insufficient
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Figure 10.13: Heating of bulk water. (a) Calcein release of DSPC/PEG(2)-PE liposomes functionalized
with small iron oxide NPs stabilized with palmityl-nitroDOPA was tested for different sequences of the
AMF. Release was less efficient if the system was equilibrated for 5 min (-X-) in between each 5 min long
AMF cycle (AMF sequence 2) compared to the release of liposomes equilibrated only for 1 min (AMF
sequence 1) (-m-) but still significantly above the zero release of unmodified liposomes (-@-) treated with
the AMF pulse sequence 1. Furthermore, release of NP modified liposomes was insignificant if these
liposomes were subjected to 10 cycles of 1 min AMF pulses followed by 1 min equilibration time (AMF
sequence 3) (-0-). (b) Bulk temperatures of liposome dispersions subjected to the respective AMF sequence
used in (a).

to increase the temperature inside the bilayer close to the 7, ~ 55 °C of DSPC. If cargo is
released in pulses, where the system is equilibrated in between AMF pulses, a significant
time in the beginning of every pulse is required to locally raise the temperature to 7;,,. Only
after this temperature is reached is cargo released. Thus, the overall time liposomes have
to be exposed to an AMF to release the same amount of cargo increases with decreasing
length of an AMF pulse due to an increased ratio of time required to locally raise 7 to
T,, to the effective time cargo can be released. Furthermore, it is expected, that if T was
much higher than 7;,, release would again be halted.

Importantly, the possibility to release cargo with pulsed AMF sequences paves the way to
not only trigger release but also to control the dose of released cargo and to slowly release
cargo over prolonged times. It additionally allows preventing bursts that could lead to a

temporary and local overdose of cargo when this is not desired.

10.4.3 Release Efficiency

The release efficiency of liposomes doped with palmityl-nitroDOPA stabilized small and
large iron oxide cores was comparable. However, they both exceeded the release effi-

ciency of liposome dispersions containing oleic acid stabilized iron oxide NPs by 180
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% (Figure [10.13p). The release efficiency of liposomes containing oleic acid stabilized
NPs, however, was comparable to that of magnetoliposomes incorporating hydrophilic,
PEG(1.5)-nitroDOPA stabilized iron oxide NPs (described in chapter [8)) in their lumen
(Figure [[0.13}). This indicates that few oleic acid stabilized NPs were incorporated into
the liposome membranes in good agreement with cryo-TEM images (Figure [[0.4p).

The greatly improved release efficiency of liposomes containing individually stabilized
hydrophobic iron oxide NPs in their membranes can be assigned to a direct transfer of
heat, generated by the iron oxide NPs upon subjection to an AMF [135]], into the liposome
membrane. In contrast, hydrophilic and with oleic acid coated agglomerated iron oxide
NPs have to heat bulk water to temperatures approaching 7,, to release cargo. The need to
strongly heat bulk water prevents that thermally sensitive chemicals, drugs and proteins
can be incorporated into such magnetoliposomes without risking thermal degradation and
loss of functionality of the cargo during release. It would also preclude the use in cell
cultures and tissue where heating of the bulk liquid would damage or kill surrounding

cells.

10.5 Summary

Iron oxide NPs with core radii < 2.75 nm individually stabilized with palmityl-nitroDOPA
spontaneously embedded into liposome membranes. According to TGA, up to ~ 12 wt%
iron oxide NPs could be loaded into liposome membranes. However, SANS results in-
dicate an even higher NP loading. In contrast, iron oxide NPs stabilized with commonly
used oleic acid resulted in severe aggregation and poor integration into lipid membranes.
DSPC/PEG(2)-PE liposomes hosting iron oxide NPs in their membranes showed long-
term stability and low passive permeability at room temperature. AMF treatment of these
liposomes resulted in direct injection of heat into the lipid membrane through local heat-
ing of embedded iron oxide NPs. This allowed increased permeability by increasing the
local temperature to the 7, without bulk water heating. Because the liposome structure
was retained during AMF treatment, content could be repeatedly and non-destructively
released from liposomes at bulk temperatures significantly below 7, of the liposomes.
Consequently, cargo can be released in bursts or over prolonged times allowing a close
control over the released dose. Furthermore, the presence of iron oxide NPs in liposome
bilayers allows to visualize these vesicles on T- or T, -weighted MR images. Thus such

liposomes are non-leaky delivery systems that are easy to assemble and allow to be tracked
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with MRI and to trigger content release if subjected to an AMF. They are thus promising
drug delivery vehicles and nanoreactors that can locally release thermally sensitive cargo
with AMF without risking cargo deactivation during release or heat induced damage to

the environment.



CHAPTER 12

Conclusions

Magnetic properties of iron oxide NPs mainly depend on their composition, size and size
distribution. However, the performance of iron oxide NPs is also greatly influenced by the
NP stability and surface-presentation of functionalities. Control over the surface chem-
istry is of pivotal importance especially for biomedical applications, where size, protein
resistance and surface functionality of NPs determine their circulation time, clearance

route and specificity.

Characterization Techniques

To closely control the assembly of NPs and fully exploit the resulting properties, a thor-
ough characterization of these systems is essential. In the course of this thesis, a com-
bination of scattering techniques such as DLS, SAXS and SANS with direct imaging
techniques (e.g. TEM) and model independent quantification methods (e.g. TGA) were
especially valuable.

While scattering techniques reveal intensity weighted sizes (o< r°) of objects dispersed
solutions, TEM allows to directly visualize number weighted (o< r) structures that had
been dried or frozen prior to analysis. However, in TEM the required sample preparation
might introduce artifacts. Different weightings of the NP sizes become especially appar-
ent for broad and bimodal size distributions. Therefore, it is highly beneficial to establish
protocols for assembling NPs that allow to closely control size and size distribution. This
significantly facilitates data analysis, allows to directly compare results obtained from
different techniques and extract more detailed information from scattering data.

However, the analysis of scattering data is model dependent. It therefore is advantageous,
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if systems are additionally characterized with complementary techniques yielding quan-
titative (e.g. TGA and for magnetic NPs VSM) and qualitative (e.g. TEM) information.
These complementary techniques allow to check the suitability of models used to evaluate
scattering data.

A major drawback of SANS and SAXS experiments is that they require special infras-
tructure and large facilities which are not generally available. In contrast, DLS, TGA
and TEM, are techniques often readily available to many people. Especially if performed
at elevated temperatures, DLS analysis was proven to be a valuable technique for doing
standard analysis of NP stability. Furthermore, with an appropriate sample preparation,
TEM allowed not only to extract information on the morphology of NPs of expected sizes,
but also to reveal information about the presence of electron dense impurities, nuclei and
minuscule NPs. This was especially beneficial for optimizing parameters of the core syn-
thesis that required a readily available, comparably high throughput analysis technique to
screen different synthesis parameters. Furthermore, even though it is not straight forward
to extract quantitative information on bimodally distributed NPs with TEM, TEM can re-
veal quantitative information about NP size distributions of monomodal NPs, provided
statistics is done on several 1’000 NPs. The latter is easily done if TEM samples are
prepared such that NPs are densely packed but do not agglomerate and micrographs are
analyzed by an image analysis software.

To study more fundamental aspects of chemical interactions between organic molecules
and magnetic NPs, EPR turned out to be a well suited characterization method. While the
magnetic moment of Fe304 NPs hampered a standard chemical analysis of anchors ad-
sorbed on the NP surface with NMR, EPR elicited detailed information on the electronic
interactions between anchors and Fe304 NPs. Especially because the signal of magnet-
ically decoupled Fe3* is highly sensitive to the ligand field of said ion, EPR not only
revealed information on delocalized electrons but also allowed to investigate changes and
distortions of surface bound Fe(IIl) upon chelation of anchors.

However, while EPR reveals detailed information on electronic interactions, it lacks in-
formation about molecular changes. Signals of electrons that were delocalized through
strong interactions cannot be distinguished from signals of radical containing decomposi-
tion products. Thus, FTIR is a valuable complementary technique that reveals information
on molecular vibrations and thus allows to trace degradation reactions potentially taking
place at the NP surface. While EPR and FTIR analysis can be done on NPs coated with
anchors, iron oxide NPs absorb a significant amount of light in the UV/VIS region. This

hampers detailed UV/VIS investigations of electronic transition upon adsorption of an-
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chors on NP surfaces. Similar studies can be conducted on anchor/iron ion complexes.
However, the relevance of such complexation studies on the interaction of anchors with
iron oxide surfaces is unknown due to changed properties of iron atoms in iron oxides
compared to freely dispersed iron ions.

In summary, a thorough characterization requires a combination of different, complemen-
tary techniques. Only if results obtained with different techniques are consistent can the

system be claimed to be well characterized.

Surface Modification of Iron Oxide Nanoparticles

The extent NP core size and size distribution could be controlled was greatly dependent
on the synthesis route. Control over the iron oxide core size was poor when synthesized
by aqueous precipitation. However, non-aqueous sol-gel routes allowed for tuning of the
core size by adjusting the synthesis temperature and time. While iron oxide NPs syn-
thesized in the MW were bimodally distributed, the size distribution of iron oxide NPs
synthesized in the oil bath was monomodal. Therefore, the non-aqueous sol gel route
using an oil bath as the energy source yielded best control over NP size and size distri-
bution. As a consequence, magnetic properties of NPs synthesized by this method were
superior to those of NPs synthesized in the MW or by aqueous precipitation. Therefore,
NPs synthesized by the non-aqueous sol-gel route in the oil bath were found to be best
suited for fundamental studies and applications.

As-synthesized iron oxide NPs were surface modified with low M,, dispersants consist-
ing of a suitable anchor covalently linked to a spacer. It became clear that the binding
affinity of anchors has to be optimized for efficient stabilization of NPs. Too low binding
affinity lead to reversible dispersant adsorption and too high binding affinity to gradual
dissolution of the cores. Nitrocatechols were proven to have a close to optimal binding
affinity towards Fe3O4 surfaces. The firm bond between nitrocatechols and iron oxide
surfaces was found to be a result of strong electron delocalization between nitrocatechols
and Fe(II). The strong electron delocalization resulted in an increased electron density
at the nitrocatechol ring and electron depletion at the iron center which was detected as
rhombohedrally distorted Fe3* signal in EPR studies. The essentially irreversible bond
of nitrocatechols to Fe3zOy4 surfaces allows to closely control NP size and stability e.g. by
tailoring the core size and dispersant shell thickness independently.

The dispersant shell thickness was found to depend directly on the PEG M,, of PEG-
nitroDOPA dispersants. PEG M,,s between 5 kDa and 10 kDa were found to be optimal
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to achieve good NP stability for cores with radii between 2.5 nm and 5 nm. The shell
thickness of NPs stabilized with dispersants consisting of PEG M,,s < 1.5 kDa were too
thin to prevent NP agglomeration especially at elevated temperatures. These experimental
findings were well in agreement with theoretical interparticle potential calculations. If the
PEG M,,, however, was > 10 kDa, the dispersant packing density was too low resulting in
instantaneous NP agglomeration. In fact, SANS data indicate a decrease of the dispersant
packing density with increasing PEG M,,. Furthermore, these data point to an exponen-
tially decreasing dispersant density profile that is strongly dependent on the dispersant
packing density.

Different methods to link antibodies to NP surfaces were explored. It was shown that
a controlled assembly of multifunctional NPs presenting functionalities at the surface is
only possible if functionalities contain exactly one chemically active group per molecule
through which they can be coupled to the NP surface. Ligands that have multiple chem-
ically active binding groups per molecule start to crosslink NPs leading to NP agglom-
eration. This was observed for two different antibodies, irrespective whether they were
bound to the NP surface through the biotin-avidin coupling strategy of by a covalent link-
age. However, individually stabilized acrylate presenting iron oxide NPs could be readily
functionalized with fluorophores that contained one amine group per molecule.

Close control over the NP surface chemistry is also crucial if NPs are to be embedded
into vesicular superstructures and smart materials. For this purpose, iron oxide NPs were
surface-modified with a hydrophobic shell consisting of palmityl-nitroDOPA. The result-
ing individually stabilized hydrophobic NPs with core radii < 2.75 nm spontaneously
assembled into liposome membranes. This was in stark contrast to NPs stabilized with
reversibly adsorbing oleic acid.

Release from liposomes functionalized with palmityl-nitroDOPA stabilized NPs could be
triggered with an alternating magnetic field (AMF). The high release efficiency of lipo-
somes hosting iron oxide NPs in their membrane was assigned to the direct heat transfer
from the iron oxide NPs to the liposome membrane if subjected to an AMF. Release relied
on the increased liposome permeability at T ~ T, and ceased upon removal of the AMF.
Because the liposome structure was retained during release, content could be repeatedly
released over prolonged times, allowing to control the released dose.

Liposomes with hydrophilic NPs in their lumen showed much less efficient release un-
der the same conditions. Thus, good control over the NP surface chemistry, stability
and presentation of ligands not only allows for designing multifunctional, ultra-stable hy-

drophilic NPs but is also directly related to the performance of smart materials actuated
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through magnetic NPs.

Key for all these applications are anchors that allow to firmly bind spacers and function-
alities to the NP surface. Nitrocatechols met these requirements and proved to be well
suited anchors for modifying Fe304 surfaces under biomedically and biotechnologically
relevant conditions. Such anchors pave the way to custom modify NP surfaces in a flexi-

ble, experimentally easy, cost-effective and versatile way.






CHAPTER 13

Outlook

13.1 Outlook

13.1.1 Fe3;04 Nanoparticles

The close control over the surface chemistry of Fe3O4 NPs opens up the possibility to
design new materials. If the PEG shell would be replaced with a thermoresponsive poly-
mer such as poly(N-isopropylacrylamide) (PNIPAM) [565, 566], I would expect NPs to
reversibly agglomerate if externally heated or when subjected to an AMF.

Applications, such as the use of NPs as MR contrast agents and for cell separation pur-
poses, require good NP stability and a strong magnetic response. Magnetic NPs become
more responsive to magnetic fields upon agglomeration [108] due to an increased mag-
netic moment of larger agglomerates [15]]. I therefore expect these applications to greatly
benefit from NPs coated with a thermoresponsive dispersant shell. Such individually sta-
bilized NPs could be targeted to the desired location and subsequently agglomerated by
heating above the lower critical solution temperature (LCST) of the polymer shell.

The thermoresponsive shell could e.g. be grown at the Fe304 NP surface. For this, an
initiator could be firmly bound to the NP surface through nitroDOPA. The shell could
subsequently be grown by adding monomers of a thermoresponsive polymer such as NI-
PAM to Fe304 NPs coated with initiators. I foresee the main difficulty in this approach
to be preventing NP agglomeration during in situ growth of the dispersants. Agglomer-
ation, however, can potentially be prevented by stabilizing NPs in solvents compatible
with reaction conditions needed to grow dispersants but in which unstabilized NPs do not

instantaneously agglomerate.
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Figure 13.1: TEM of PEG(5)-nitroDOPA stabilized TiO,» NPs. TEM of PEG(5)-nitroDOPA stabilized
TiO, NPs dispersed in Millipore water and air dried on a carbon supported Cu TEM-grid.

13.1.2 Oxide Nanoparticles

Catechols are known to have high affinity towards a broad range of oxides, semiconduc-
tors, nobel metals and polymers 1567, 568]. In this context, preliminary results from
experiments performed during my PhD have shown that nitrocatechols not only are supe-
rior anchors to stabilize Fe304 NPs compared to catechols, but that they also have an en-
hanced affinity towards other oxides (Figures[13.2} [13.3]and[13.4). Even though the TiO,
NPs I used for preliminary experiments had an ill defined shape (Figure[I3.1)), clear trends
towards superior NP stability of PEG(5)-nitroDOPA compared to PEG(5)-dopamine sta-
bilized NPs were observed in temperature dependent DLS experiments (Figure [13.2).

The good NP stability likely is due to strong electron delocalization between nitrocate-
chols and surface bound 7 ions measured with EPR (Figure [13.4).

To explore the suitability of nitroDOPA as anchor to stabilize different oxide NPs, I com-
pared count rates of NPs dispersed in physiologic buffers before and after NPs were
pushed through 200 nm cut-off filters. If NPs heavily agglomerate, they will be cleared by
the filters resulting in a decrease in the count rate quantified with DLS. Preliminary results
indicate that NP stability increases with decreasing band gap of oxides (Figure [13.3)). I
expect electrons from the conduction band to be more easily delocalized upon binding
of nitrocatechols compared to valence band electrons. The likelihood that electrons are
in the conduction band increases with decreasing band gap of oxides. I therefore would

expect the band gap to be a good indicator to predict the likelihood that nitrocatechols



13.1. OUTLOOK 291

100 3.0
a b
\
80 / g 2.5 l/
| 2 2.0
e A
‘é“' =
= ; 8 1.51 }/ l
= ’ k3 .\ Ao
1< i & 1095 / i
g ~e" A g
a £ o5 | | [ I
=
- R e B e
30 40 50 60 90
T (°C)

Figure 13.2: Temperature dependent TiO, NP stability analyzed with DLS. The (a) hydrodynamic radius
and (b) normalized count rate of 7i0, NPs stabilized with PEG(5)-nitroDOPA (-m-), PEG(5)-dopamine (-
@®-) and PEG(5)-mimosine (- A-) dispersed in Tris containing 160 mM NaCl as a function of time. Statistics
was done on 9 independent samples.
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Figure 13.3: Stability of PEG(5)-nitroDOPA coated oxide NPs. (a) The stability of oxide NPs coated with
PEG(5)-nitroDOPA was evaluated with DLS where the ratio of the count rates before and after NPs were
passed once through 200 nm cut-off filters was measured. NP stability was related to the band gap of the
oxides. The morphology of (b) commercially available Al, O3, (¢) TiO;, (d) MnO synthesized starting from
Mn (ac),, (e) MnO», (f) Mg (OH ), and (g) SiO, NPs was visualized with TEM. Statistics was done on 5-10
independent samples.
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Figure 13.4: EPR measurements on oxide NPs stabilized with PEG(5)-nitroDOPA. EPR was measured
on (A) TiO,, (B) Mg (OH )2, (C) AlLO3 and (D) SiO, NPs stabilized with PEG(5)-nitroDOPA. The peak
measured at ~ 0.35 mT can be assigned to delocalized electrons.

would firmly bind to a given oxide. Unfortunately, the morphology of different oxides
NPs I investigated in this thesis greatly differed (Figure[I3.3)). Therefore, more thorough
studies on NPs with a defined morphology are warranted to decouple effects of the NP
morphology from those of the oxide composition on the binding affinity of nitroDOPA.
Furthermore, a comparison of the binding affinity of nitroDOPA to MnO and MnO, would
allow to tell apart effects of the IEP of oxides, that were shown to be critical for the ad-
sorption of catechol anchored molecules on flat surfaces [301], from those of the band
gap of the respective oxide. MnO and MnO, NPs have similar IEPs (~ 5 [569] and 6
[570]]) but very different energy band gaps (3.6 eV [S71] and 1.3 eV [572]]). However,
such studies require NPs of comparable size and shape.

In summary, I would be interested to check the hypothesis that binding affinity of nitro-
catechols is related to the band gap of oxides. If this was true, the suitability of nitrocate-
chols to anchor dispersants to certain oxides could be theoretically predicted. This would

greatly facilitate the choice of oxides that can be modified using nitrocatechols.

Nanoparticle Assembly

We have shown that PEG-nitroDOPA stabilized core-shell iron oxide NPs can be assem-
bled at liquid-liquid interfaces [S73]]. Furthermore, preliminary results proved nitroDOPA
well suited to surface-modify high refractive index oxides such as TiO, (Figures [I3.2]
and [13.3) and ZrO. I consider these high refractive oxide NPs potent as sensors and ac-
tuators. If such high refractive NPs can be individually stabilized, it is conceivable to

co-assemble them with magnetic NPs into 2D and 3D structures (Figure [3.5). I expect
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Figure 13.5: Cartoon of assembled NPs. Cartoon of assembled individually sterically stabilized magnetic
(gray) and optically active (yellow) NPs. Such assemblies could be fixed by crosslinking adjacent dispersant
shells such that the 2D or 3D structure is retained upon drying.

these structures, if fixed prior to drying e.g. by crosslinking NPs through reactive groups
presented at the NP surface, to yield in optically and magnetically responsive films and
bulk materials. Especially if the dispersants are thermoresponsive, I would consider these
materials to be potent valves, filters, responsive sponges and optically and/or magnetically

active coatings.

13.1.3 Liposomes

I have shown that individually stabilized hydrophobic NPs with core radii below ~ 2.5 nm
spontaneously incorporate into the liposome membrane. The overall membrane properties
such as T, and liposome leakiness were not significantly altered by the presence of NPs
in the liposome membrane. However, because of a broad NP size distribution, I could not
unequivocally determine the effect of NP size on the liposome morphology and membrane
properties. It would be of high interest to me to better understand the assembly and
mobility of NPs in the liposome membrane and how NPs locally influence the liposome
membrane. A better understanding of the influence of NPs on the membranes and overall
liposome size and shape, likely would enable us to design liposomes and NPs such that
the NP loading and therefore the magnetic response of the resulting liposomes could be
increased. Furthermore, I consider the exchange of iron oxide NPs with NPs that have a
higher net magnetic moment and thus a higher SAR, such as Co NPs, highly beneficial

especially for applications not directly related to the biomedical field.
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Figure 13.6: Cartoon of polymersomes bearing iron oxide NPs in their membrane. A cartoon of hydropho-
bic iron oxide NPs embedded in the hydrophobic core of a polymersome membrane. If the hydrophilic
block of polymersomes is thermoresponsive, the heat locally generated by iron oxide NPs upon exposure to
an AMF, might disassemble these polymersomes leading to cargo release.

Figure 13.7: Chemical structures of polymersomes. The chemical structure of a) PMOXA-b-PDMS-b-
PMOXA and b) PMCL-PDMAEMA from which polymersomes were extruded.
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Figure 13.8: SANS measurements of polymersomes. SANS was measured on (a) PMOXA-b-PDMS-b-
PMOXA and (b) PMCL-PDMAEMA polymersomes with (red) and without (black) 5 nm core radius NPs.
(c) SANS measured on PMCL-PDMAEMA polymersomes at RT (black) and 60 °C (blue). While NPs
seem to distort the polymersome membrane, PMCL-PDMAEMA polymersomes do not respond greatly to
temperature changes even though PDMAEMA is thermoresponsive in this temperature range.
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13.1.4 Polymersomes

A major drawback of liposomes is that they cannot be stored for a prolonged time. This
reduces the attractiveness of liposomes for many applications especially in biotechnology
and medicine. Furthermore, liposomes are only stable in aqueous solutions in a limited pH
range. An attractive alternative to liposomes are polymersomes. They consist of block-
co-polymers that comprise of typically two to three blocks where at least one of the blocks
has to be hydrophilic and another one hydrophobic [574H576]. Such block-co-polymers
were shown to form vesicles if swollen in aqueous solutions. Their membrane thickness
can be tuned by varying the number of repeat units of the hydrophobic block [S75, 577].
They are more robust and versatile than liposomes as they are less prone to disassemble if
small amounts of detergents are added. Additionally, their shell and membrane thickness
can independently be varied [576, 577]. Different blocks of these block-co-polymers can
be designed such that the hydrophilic part is e.g. thermo- or pH-responsive which adds
responsiveness to such vesicles. However, the attractiveness of polymersomes as drug de-
livery vehicles is limited because block-co-polymers are of synthetic nature and generally
not FDA approved.

Iron oxide NPs have been embedded into hollow polystyrene (PS) microspheres resulting
in magnetic [S78H580] or if QDs were co-encapsulated in multifunctional microspheres
[S81]. However, to the best of my knowledge, magnetic NPs have not been incorporated
into membranes of thermoresponsive polymersomes.

I have performed preliminary SANS experiments which indicate that hydropho-
bic 5 nm core radii NPs stabilized with palmityl-nitroDOPA can be incorpo-
rated into the hydrophobic part of poly(2-methly-2-oxazoline)-b-polydimethylsiloxane-
b-poly(2-methly-2-oxazoline) (PMOXA-b-PDMS-b-PMOXA) and poly(4-methyl-¢-
carpolactone)-poly(dimethyl aminoethyl methacrylate) (PMCL-PDMAEMA) (Figures
13.7) polymersome vesicle membranes (Figure [I3.6|and [13.8)).

However, even though PDMAEMA is thermoresponsive in this temperature range
[582, I583], no clear changes in the polymersome morphology could be seen (Fig-
ure [13.8c). Temperature dependent structural changes of PDMAEMA might be slow
or weak such that the polymersome shape is not instantaneously changed if the dispersion
is externally heated. However, fast, pronounced changes of the conformation of the ther-
moresponsive block(s) would be required if cargo should be released upon the application
of an AMF. Thus the tested polymersome systems are not optimal for these applications.

However, I would be highly interested to add hydrophobic magnetic NPs into polymer-
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somes which comprise thermoresponsive blocks that meet the requirements of fast respon-
siveness to temperature changes. I expect such polymersomes to respond to AMFs either
by changes in shape or even to disassemble. Thus, I consider these vehicles promising

nanoreactors.

13.1.5 Concluding Remarks

I expect the demand for functionalized, custom adjusted, individually stabilized NPs and
NPs embedded in smart materials to rapidly increase in the near future. Key to face and
meet these challenges is a close control over the NP surface chemistry and functionality.
One way to gain this control is by firmly binding spacers and functionalities to NP surfaces
through suitable anchors. Thus, although nitrocatechols are well suited to modify Fe3zOy4
surfaces, I foresee a continued interest to find and optimize new, even better suited anchors
to modify different (oxide) surfaces.

Additionally, due to the rapidly increasing demand for responsive materials, I expect high
activities in the controlled assembly of responsive NPs used to actuate smart materials.
High NP stability is the base to build such superstructures and thus essentially is one of
the keys determining the success and speed with which new smart materials comprising

NPs can be developed.
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APPENDIX M

Appendix

M.1 Effect of Adsorption Conditions on Nanoparticle
Stability

NPs synthesized in organic solvents contain organic residues on their surface that need
to be replaced by anchors if good NP stability is to be achieved. To test, if the binding
affinity of nitroDOPA is high enough to replace these residues and whether stabilization
is facilitated if NP surfaces were partially cleaned before adsorption of PEG-nitroDOPA,
NPs were washed with organic solvents that have different polarities, namely ethanol,

isopropanol and acetone, and subsequently stabilized with PEG-nitroDOPA.

M.1.1 Effect of Solvent Nanoparticles are Washed With

As can be seen in Figures and no difference in NP stability and dispersant
packing density was measured irrespective on the solvent NPs were washed with. This
indicates that nitroDOPA can replace organic residues. However, acetone washed NPs
appeared red, in contrast to NPs washed with ethanol and isopropanol. This hints to an
oxidation of Fe304 NPs during washing with acetone. The yield of with acetone washed
NPs was considerably lower compared to NPs washed with ethanol and isopropanol. It
hints to lower NP stability of NPs washed with acetone compared to counterparts washed
with ethanol or isopropanol, as unstable NPs were lost during purification. Thus, only
the stable fraction of NPs was analyzed with DLS and TGA. This result corroborates
EPR results that showed enhanced binding affinity of nitroDOPA to Fe304 compared to
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Figure M.1: DLS of iron oxide NPs stabilized with PEG(5)-nitroDOPA. DLS of iron oxide NPs washed
with ethanol (-m-), isopropanol (-x-) and acetone (-O-) before they were stabilized with PEG(5)-nitroDOPA
at 50 °C under constant mechanic stirring. Additionally, iron oxide NPs were stabilized statically at 50 °C
(-@-) and RT (-O-) respectively. Statistics was done on 14 independent samples for NPs washed with
ethanol, while it was done on one and two independent samples for NPs washed with isopropanol and
acetone respectively.

oxidized iron oxide surfaces (see chapter [7). Based on this comparison and because NPs
were stabilized in ethanol, iron oxide NPs studied in this thesis were washed twice with

ethanol before they were stabilized.

M.1.2 Adsorption Conditions

Whether ethanol washed NPs were stabilized with 6 mg dispersant/mg(NP) at 50 °C un-
der constant mechanical stirring, under static conditions at 50 °C or room temperature did
not seem to influence NP stability and dispersant packing density of the stable NP frac-
tion. However, the yield of NPs stabilized at room temperature was lower compared to
NPs stabilized at 50 °C. The latter could be due to an increased desorption rate of organic
contaminations physisorbed at the iron oxide NP surface or a facilitated electron delocal-
ization between nitroDOPA and Fe(Il) at elevated temperatures.

Constant mechanic stirring of NPs during stabilization considerably slowed down sed-
imentation of as-synthesized NPs. This might ease dispersant adsorption because NP
surfaces are more readily accessible if they are dispersed in ethanol as compared to sed-
imented NPs. However, as shown in Figures [M.T|and [M.2] mechanical stirring did not
influence NP stability nor dispersant packing density of the stable NP fraction. To in-
crease the likelihood to achieve a homogeneous dispersant coating on the NP surface,
NPs were stabilized at 50 °C under constant mechanic stirring in this thesis even though

no influence of mechanical stirring on NP stability could be observed here.
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Figure M.2: Influence of the dispersant packing density on the adsorption conditions. (a) TGA and (b)
DSC of PEG(5)-nitroDOPA stabilized 5 nm core radius iron oxide NPs synthesized in the oil bath. Iron
oxide NPs have been washed with ethanol (-m-), isopropanol (-x-) and acetone (-0-) prior to stabilization at
50 °C under constant mechanical stirring. Furthermore, ethanol washed iron oxide NPs have been stabilized
without mechanical stirring at 50 °C (-@-) and at room temperature (-O-).

M.2 Replacing Oleic Acid with nitroDOPA

Most of the monodisperse Fe3O4 NPs reported today are synthesized using oleic acid as
a capping agent during the synthesis of iron oxide NPs. Oleic acid facilitates control over
the core shape, size and size distribution [393]]. Especially applications, that require good
stability of monodisperse Fe304 NPs in aqueous environments, would benefit from an-
chors that can displace oleic acid with a dense sterically stabilizing polymer shell.

To test, if the close to optimal binding affinity of nitroDOPA to Fe3zO4 and its low des-
orption rate allows to replace oleic acid, FezO4 NPs were synthesized in the oil bath in
the presence of oleic acid. These NPs were washed with ethanol according to the stan-
dard protocol described in section [3.3.2] Washed NPs were incubated with nitroDOPA
in ethanol at 50 °C under constant mechanical mixing. FTIR peaks at ~ 1280 cm~! and
1496 cm~! assigned to C-O stretch vibration and C-C ring vibrations of nittoDOPA [447]]
appeared after NPs were incubated with nitroDOPA for at least 1 d. The intensities of
these peaks increased for NPs incubated with nitroDOPA for 2 d (Figure M.3)). Further-
more, the peak around 1444 cm~! assigned to the COO~ and CH, stretch vibration [584]]
disappeared after iron oxide NPs were incubated with nitroDOPA for at least 1 d. This in-
dicated that the binding affinity of nitroDOPA is high enough to replace oleic acid within
24 h to 48 h if ligand exchange is performed in ethanol.

However, despite that nitroDOPA can replace oleic acid if NPs are incubated in ethanol

for at least 2 d at 50 °C (Figure[M.3), iron oxide NPs synthesized in the presence of oleic



344 M. APPENDIX

absrobance (a.u.)

1800 1600 1400 1200 1000
wavenumber (cm'1)

Figure M.3: FTIR spectra of Fez04 NPs synthesized in the presence of oleic acid. FTIR spectra of Fe304
NPs synthesized in the oil bath using oleic acid as a capping agent were (A) not incubated with nitroDOPA
and NPs incubated with nitroDOPA for (B) 1 d, (C) 2d, (D) 3d, (E) 6d, (F) 8 d, (G) 2 weeks. (H) As
a reference nitroDOPA coated Fe3O4 NPs synthesized in the absence of oleic acid are shown. The pro-
nounced peaks of the C-O stretch vibration (@) and C-C ring vibration (¥) [447]] clearly show the presence
of nitroDOPA. Furthermore, the peak at 1444 cm™! (o) assigned to the COO™ and CH, stretch vibration
[584] indicate that oleic acid is bound on as-synthesized NPs.

acid could not be sterically stabilized with PEG(5)-nitroDOPA even if they were incu-
bated with PEG(5)-nitroDOPA at 50 °C in ethanol for 2 weeks.

The molar concentration of PEG(5)-nitroDOPA was 5 times lower compared to that of
nitroDOPA. Furthermore, PEG(5) might sterically hinder PEG(5)-nitroDOPA to adsorb
on the iron oxide NP surface despite that it is collapsed if dispersed in ethanol. Therefore,
exchange of oleic acid by PEG(5)-nitroDOPA might have been hindered. However, good
NP stability requires a high packing density of PEG-nitroDOPA (see chapter [6)). There-
fore, inefficient and incomplete exchange of oleic acid by PEG-nitroDOPA negatively
affects the NP stability in aqueous media.

Ligand exchange might be more efficient if NPs are stabilized in solvents such as chloro-
form, where the hydrophobic tail of oleic acid is well soluble in. However, the packing
density of PEG on flat surfaces is known to be higher, if PEG is adsorbed in a partially
collapsed state under cloud point conditions [301,1567,585]]. Therefore, it is expected that
a high packing density of PEG-nitroDOPA on NPs can only be obtained if it is adsorbed
from solvents in which PEG is at the most moderately soluble. Thus, it is questionable,
whether good NP stability would be achieved if exchange of oleic acid to PEG-nitroDOPA

is performed in chloroform where PEG is well soluble.
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Figure M.4: Temperature dependent DLS of PEG-nitroDOPA stabilized iron oxide NPs synthesized in
the MW. The (a) hydrodynamic radius at RT, the temperature dependent (b) hydrodynamic radius and (c)
normalized count rate of iron oxide cores heated in the MW to 180 °C and grown at this temperature for 3
min, stabilized with PEG(5)-nitroDOPA (-m-), PEG(1.5)-nitroDOPA (- A-) and PEG(0.8)-nitroDOPA (-O-).
Iron oxide NPs were dispersed in HEPES containing 160 mM NaCl. Statistics was done on 4-5 independent
samples.

M.3 Effect of PEG M,, on the Stability of Bimodally Dis-

tributed Iron Oxide Nanoparticles

The effect of the PEG M,, on the hydrodynamic radius, dispersant packing density and
NP stability was also investigated for iron oxide NPs synthesized in the MW which were

shown in chapter [5|to be bimodally distributed.

M.3.1 Effect of PEG M,, on Iron Oxide Nanoparticle Stability

Similar to what was seen in DLS measurements of the unstable fraction of PEG-
niroDOPA stabilized NPs synthesized in the oil bath (Figure [8.18), the volume weighted
hydrodynamic radius did not increase with increasing PEG-nitroDOPA M,,. Addition-
ally, a second broad peak centered around 40 nm was measured for PEG-nitroDOPA
stabilized NPs synthesized in the MW (Figure M.4ph). However, PEG(1.5)-nitroDOPA
and PEG(0.8)-nitroDOPA stabilized iron oxide NPs synthesized in the MW (where the
large fraction of these bimodally distributed cores was ~ 2.5 nm - 3 nm in core radius)
remained stable up to 80 °C and 60 °C respectively (Figure M.4). Thus, these bimodally
distributed NPs stabilized with PEG(0.8)-nitroDOPA and PEG(1.5)-nitroDOPA started to
agglomerate at higher temperatures compared to unimodally distributed NPs of similar
core sizes. This might be related to the presence of numerous ultrasmall NPs in the for-
mer batches. Ultrasmall NPs were surrounded by a high amount of dispersants. Thus,
the probability that two NPs of the larger fraction meet and agglomerate is much lower in

case of bimodally compared to unimodally distributed NPs.
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Figure M.5: DSC and TGA measurements of PEG(5)-nitroDOPA stabilized iron oxide NPs synthesized in
the MW. (a) TGA and (b) DSC measurements of iron oxide NPs synthesized in the MW by heating them
to 180 °C where they were kept for 3 min were stabilized with PEG(5)-nitroDOPA (-m-) and PEG(1.5)-
nitroDOPA (-A-) in DMF (empty symbols) and ethanol (filled symbols) respectively. As a control, unsta-
bilized NPs (-x-) incubated in DMF and ethanol for 24 h are shown.

M.3.2 Effect of PEG M,, on the Dispersant Packing Density

Quantification of the dispersant packing density on bimodally distributed NPs is difficult
because of the unknown ratio between the two size fractions. However, a comparison be-
tween DSC results of these bimodally distributed NPs stabilized with PEG(5)-nitroDOPA,
where PEG(5)-nitroDOPA was adsorbed in ethanol and DMF respectively, showed that
the main endothermic reactions were shifted towards lower temperatures if NPs had been
stabilized in DMF compared to ethanol (Figure [M.5). This shift towards lower tempera-
tures was particularly pronounced for PEG(1.5)-nitroDOPA stabilized NPs. As described
in chapter [6] and previously in this chapter, the endothermic peak around 250 °C was as-
signed to the decomposition of organic contaminants. Therefore, the shift of the DSC
peak towards lower temperatures was interpreted as a higher amount of organic species
adsorbed on iron oxide cores for NPs stabilized in DMF compared to counterparts stabi-

lized in ethanol.

M.3.3 Effect of PEG M,, on the Zeta Potential

Irrespective of the PEG M,,, the zeta potential of these iron oxide NPs dispersed in Milli-
pore water was close to zero if at least 20 mM NaCl was added. Therefore, these NPs were
almost exclusively sterically stabilized. However, the zeta potential was more negative if
the NPs were dispersed in D,O. For the latter, PEG(0.8)-nitroDOPA stabilized NPs had,
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Figure M.6: Zeta potential measurements of iron oxide NPs synthesized in the MW and stabilized with
PEG-nitroDOPA. Zeta potential measurements of iron oxide NPs heated in the MW to 180 °C for 3 min
and stabilized with (a) PEG(5)-nitroDOPA, (b) PEG(1.5)-nitroDOPA and (c) PEG(0.8)-nitroDOPA. The
zeta potential of these NPs was measured as a function of the NaCl concentration if dispersed in Millipore
water (filled symbols) and D,O (empty symbols) respectively. Statistics was done on 6-12 independent
samples.
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Figure M.7: SANS measurements of NPs synthesized in the MW. SANS was measured on PEG(5)-
nitroDOPA stabilized iron oxide NPs which had been synthesized in the MW as a function of tempera-
ture. NPs were dispersed in D,O (solid line) and D,O containing 160 mM NaCl (dashed line). SANS
measurements were conducted at 25 °C (black), 40 °C (red) and 60 °C (blue).

with ~ -12 mV, a slightly more negative zeta potential compared to PEG(1.5)-nitroDOPA
and PEG(5)-nitroDOPA stabilized NPs (Figure[M.6). This can be attributed to the thinner
dispersant shell of PEG(0.8)-nitroDOPA compared to PEG(1.5)- and PEG(5)-nitroDOPA
stabilized NPs.

M.3.4 Influence of Solvent Conditions on the Dispersant Layer
Thickness

To investigate the dependence of temperature and NaCl concentration on the extension
of the PEG brush and thus scattering of PEG(5)-nitroDOPA stabilized NPs, SANS was
measured on PEG(5)-nitroDOPA stabilized NPs dispersed in D,O. D, O rather than H,O
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Table M.1: Hydrodymanic diameter of PEG(5)-nitroDOPA stabilized iron oxide NPs synthesized in the

MW.
temperature (°C) | NaCl concentration (mM) | Rg (nm) | I
25 0 54 1.5
40 0 5.3 1.7
60 0 5.2 2.0
25 160 5.5 1.6
40 160 5.4 1.8
60 160 54 2.2

was chosen as a solvent to maximize neutron scattering contrast of PEG. Based on these
measurements, Rg was quantified by fitting SANS curves in the g-range of 0.15 nm™1 < ¢
< 0.45 nm~! using a Guinier approximation. The theoretically calculated Rg of PEG(5) is
2.9 nm. Fitting results are summarized in Table M.I]| The decrease of the solvent quality
of water for PEG with increasing temperature and salt concentration [301} I585] is well
in agreement with the decreased R values found both with increasing temperature and
by adding 160 mM NaCl. The increased forward scattering Iy with increasing temper-
ature and salt concentration might be assigned to NP agglomeration that was driven by
the gradual collapse of the PEG brush surrounding the iron oxide cores with increasing
temperature and salt concentration.

However, R values measured by SANS for PEG(5)-nitroDOPA adsorbed on iron oxide
NPs were considerably higher compared to the value calculated for free PEG(S) chains in
solution. This might be because of steric inter-chain repulsion of adjacent PEG(5) chains
if adsorbed on iron oxide NPs. Steric inter-chain repulsion interactions cause PEG(5) to

stretch resulting in higher R values measured with SANS if adsorbed on NPs.

M.4 Iron Oxide Nanoparticles Synthesized by Aqueous

Precipitation

As described in chapter [5] aqueous precipitation resulted in larger iron oxide cores and a
broader core size distribution compared to iron oxide NPs synthesized by the non-aqueous
sol-gel methods. However, before we synthesized NPs by non-aqueous sol-gel methods,
NPs were synthesized by aqueous precipitation. Therefore, initial stabilization and func-
tionalization studies were done on NPs synthesized using the latter method. To test NP

stability without the aim to do fundamental studies e.g. on the shell thickness or disper-
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Figure M.8: Cartoon or iron oxide NPs stabilized with PEG-gallol. Cartoon of iron oxide NPs stabilized
with a mixture of biotinylated and unfunctionalized PEG-gallol.
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Figure M.9: Size of PEG(0.55)-gallol stabilized iron oxide NPs synthesized by aqueous precipitation. (a)
DLS of PEG(0.55)-gallol stabilized iron oxide NPs synthesized by aqueous precipitation freshly dispersed
(-m-), stored for 20 months in HEPES containing 160 mM NacCl (-0-), stored for 1 year in PBS (-&-) and
as a comparison Feridex (-A-). (b) TEM of PEG(0.55)-nitroDOPA stabilized iron oxide NPs dispersed in
Millipore water and air-dried on a carbon film supported Cu TEM-grid. (c) PEG(0.55)-gallol stabilized NPs
were coated with tungsten under a shallow angle revealing the e* structure of NPs.

sant density profile, NP size distribution is less important. Nevertheless, the fact, that
NPs have been synthesized by different methods requires some care by comparing results
described in the following to results obtained for NPs synthesized by the non-aqueous

sol-gel methods.

M.4.1 Effect of Dispersant on Nanoparticle Stability
Dispersant Type

A comparison of the hydrodynamic radius of PEG-gallol stabilized NPs, schematically

shown in Figure [M.8] and Feridex revealed a considerably smaller hydrodynamic radius
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Figure M.10: Zeta potential measurements of iron oxide NPs synthesized by aqueous precipitation. The
zeta potential was measured in Millipore based solutions containing 160 mM NaCl for unstabilized (-@-)
and PEG(0.55)-gallol stabilized iron oxide NPs (-A-) as a function of pH. The pH was shifted by adding 1
M HCI and NaOH respectively.

and narrower size distribution for the former NPs. Moreover, PEG-gallol stabilized iron
oxide NPs were stable even after 20 months storage at room temperature in HEPES con-
taining 160 mM NaCl (Figure [M.9).

Feridex consists of multiple iron oxide cores with an average radius of 2.4 nm embed-
ded in a dextran matrix [S10] resulting in a hydrodynamic radius of 32 + 11 nm. How-
ever, NPs stabilized with a mixture of PEG(0.55)-gallol and biotin-PEG(3.4)-gallol had
a hydrodynamic radius of 14 + 1 nm (Figure [M.%), well in agreement with X-ray disc
centrifuge (XDC) measurements (hydrodynamic radius = 13 + 1 nm). Furthermore, Fig-
ure [M.9b indicates that NPs, previously filtered using syringe filters with a cut-off of 200
nm, were well separated even if dried on a carbon film. However, only very few assem-
bled NPs were found for PEG-gallol stabilized NPs whereas PEG-nitroDOPA stabilized
NPs synthesized in the oil bath formed pum large films without that they agglomerated
(cf. Figures[6.4]and [5.19). This points to a higher NP stability of PEG-nitrocatechol as
compared to PEG-gallol stabilized NPs, well in agreement with what has been described
in chapter [0

Next to the inferior anchor used to stabilize NPs synthesized by aqueous precipitation,
the PEG length of PEG(0.55)-gallol stabilized NPs was, as shown in chapter [§] below the
threshold where good NP stability can be assured. Thus, the NP stability of PEG(0.55)-
gallol compared to PEG(5)-nitrocatechol stabilized NPs is, for two reasons, considerably

lower.
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Figure M.11: Stability of PEG(0.55)-gallol coated iron oxide NPs. (a) The biotin-PEG(3.4)-
gallol/mPEG(0.55)-gallol dispersant layer surrounding the iron oxide NP cores is stable and thick enough
to prevent particle agglomeration in the presence of a small external magnet, even after particles have been
dispersed in PBS for more than one year. (b) In the absence of the dispersant layer, iron oxide cores ag-
glomerate and thus sediment instantaneously upon approaching a small external magnet.

Surface Charge

These NPs might be, in addition to the steric repulsion introduced through PEG(0.55)-
gallol, electrostatically stabilized at physiologic pH as zeta potential measurements re-
vealed (Figure M.10). The point of zero charge (PZC) of 6.7 measured for uncoated iron
oxide NPs is in good agreement with what other groups have reported [586-588]]. The
IEP of NPs stabilized with mPEG(0.55)-gallol and dialyzed for 24 hours against Millipore
water, was shifted to 4.2 (Figure[M.10). The difference between the PZC of non-stabilized
and the IEP of mPEG(0.55)-gallol stabilized NPs was assumed to result from the adsorp-
tion of at least partially deprotonated gallol, as was reported by Studart and co-workers
for AlLO3 NPs [589].

Magnetic Separation

A widely used test for NP stability is their performance upon approaching a small exter-
nal magnet. However, individually stabilized iron oxide NPs of core radii < 5 nm stay in
solution even in the presence of a small external magnetic field due to the low magnetic
moment of individual cores (Figure M.TTh). This is contrasted by unstabilized iron oxide
NPs as illustrated in Figure M.TIb. They agglomerated and sedimented within seconds
after approaching a small external magnet. This is due to the many times higher mag-

netic moment of agglomerates as compared to individually stabilized iron oxide cores.
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Similarly, iron oxide NPs stabilized with high M,, dispersants might agglomerate upon
approaching an external magnet and can be magnetically separated from solution. That
iron oxide NPs with core radii < 5 nm can be magnetically separated can be taken as a

sign of poor NP stability.

M.4.2 Characterization of Nanoparticle Stability

Figure exemplifies the apparent high NP stability of mPEG(0.55)-gallol stabilized
iron oxide NPs even after storing them for more than one year in PBS at RT. This good NP
stability was measured despite that NPs were stabilized with a reversibly binding anchor
that was covalently linked to PEG that had a too low M,,. Even though PEG(0.55)-gallol
is a suboptimal dispersant for two reasons, PEG(0.55)-gallol modified NPs showed good
stability if stored and analyzed at RT, conditions which are usually used in literature to
claim good NP stability [S90]. Thus, characterization techniques such as DLS at RT
or TEM analysis, which are typically used to claim good NP stability, might not reveal
potential deficiencies in NP stability. These deficiencies potentially become detrimental
during in vivo applications. However, once injected into a living body, agglomeration of
NPs is difficult to assess because NP size cannot easily be measured any more. Addition-
ally, in vivo, NP agglomeration is convoluted with other effects such as exposure to many
different proteins that potentially adsorb on the NP surface or even replace dispersants
if dispersants are insufficiently anchored to the NP surface. This illustrates the neces-
sity to characterize NPs more stringently especially if they are intended for biomedical

applications.

M.5 Chemical analysis of PEG(5)-anchors

M.5.1 MALDI-ToF

The m/z values measured by MALDI-TOF of the main mass distribution measured by
MS (marked with * in Figure [M.12)) could all be assigned to [anchor-PEG-CH3-H]* and
[anchor-PEG-CHj3-2H]?* respectively. m/z was 44 Da, which is the M,, of an ethylene
glycol (CoH40) r.u., for all investigated dispersants. The polydispersity indices (PDI)

calculated from the MALDI-ToF measurements for the different dispersants varied be-
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Figure M.12: MALDI-tof of PEG(5)-anchor dispersants. MALDI-tof of (a) PEG(5)-nitroDOPA, (b)
PEG(5)-nitrodopamine, (c) PEG(5)-mimosine, (d) PEG(5)-DOPA, (e) PEG(5)-dopamine, (f) PEG(5)-
hydroxypyridine, (g) PEG(5)-hydroxydopamine, (h) PEG(5)-hydroxypyrone and (i) PEG(5)-COOH. m/z
values of peaks indicated with * are reported in Table[M.2] m/z(x) = 44 Da, corresponding to the ethylene
glycol repeat unit.

tween 1.001 and 1.004. The second, smaller, M,, distribution seen in Figure was
assigned to hydrolyzed PEG.

M.5.2 Microelement Analysis
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Table M.2: m/z values of in Figure with * indicated peaks.

| dispersant | m/z |
PEG(5)-nitroDOPA 4979
PEG(5)-nitrodopamine 5023
PEG(5)-mimosine 4848
PEG(5)-DOPA 5022
PEG(5)-dopamine 5135

PEG(5)-hydroxydopamine | 5073
PEG(5)-hydroxypyridine | 5067
PEG(5)-hydroxypyrone 5135
PEG(5)-COOH 5375
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M.5.3 NMR

As already seen in the MS analysis, |H-NMR analysis of dispersants confirmed the pres-
ence of hydrolyzed PEG in dispersants. Moreover, the presence of hydrolyzed PEG was
also responsible for the lower percentage of N measured in microelemental analysis com-
pared to the theoretical value (Table [M.3).

However, control experiments where PEG(5)-NHS and, as shown in chapter [6] PEG(5)-
COOH do not adsorb on flat Fe3O4 surfaces and particles respectively. Thus, hydrolyzed
PEG did not seem to influence the adsorption of PEG-anchors. This was confirmed by the
similar stability of NPs stabilized with different batches of PEG(5)-mimosine, containing
different amounts of hydrolyzed PEG. Therefore, these dispersants have not been further

purified prior to their adsorption on iron oxide NPs.

PEG(5)-nitroDOPA

'H NMR (500 MHz, D,0): 6 7.56 (s, 1H), 6.76 (s, 1H), 2.98-4.70 (m, 777H))
13C NMR (500 MHz, D,0): & 175.9, 171.8, 150.4, 143.5, 140.6, 127.5, 119.3, 113.2,
67.7-71.9, 58.2, 53.5, 35.2.

PEG(5)-nitrodopamine

LH NMR (500 MHz, D,0): 8 7.44 (s, 1H), 6.70-6.74 (d, J=22.0 Hz, 1H), 3.85-3.91 (m,
6H), 3.47-3.74 (m, 1127H), 3.29 (s, 9H), 3.07 (m, 2H), 3.02 (d, J=5.6 Hz, 2H)

13C NMR (500 MHz, D>,0): § 293.9, 177.9, 172.5, 150.6, 119.0, 113.3, 69.7-71.1, 58.2,
39.0, 32.5.

PEG(5)-mimosine

!H NMR (500 MHz, D>0): § 7.47-7.75 (m, 2H), 6.74-6.75 (d, J=6.6 Hz, 1H), 4.24-4.29
(q,J=8.6 Hz, 1H), 4.07 (s, 1H), 3.90-3.99 (q, J=15.9 Hz, 2H), 3.29-3.74.29 (m, 648H)
I3C NMR (500 MHz, D,0): § 175.1, 172.7, 166.8,, 146.2, 139.0, 128.0, 121.2, 113.9,
68.2-71.1, 59.0, 58.2, 54.1.
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PEG(5)-DOPA

TH NMR (500 MHz, D,0): § 6.73-6.78 (d, J=7.9 Hz, 1H), 6.67 (s, 1H), 6.59-6.60 (d,
J=7.9 Hz, 1H), 4.42 (m, 1H), 3.96 (s, 2 H), 3.83-3.87 (d, J=15.8, 2H), 3.47-3.75 (m, 655
H), 3.29 (s, 5H)

13C NMR (500 MHz, D;0): 6 176.6, 171.8, 144.1, 143.0, 129.7, 121.6, 117.0, 116.2,
69.1-71.1, 58.2, 55.0, 36.5

PEG(5)-dopamine

'H NMR (500 MHz, D,0): 8 6.74-6.75 (d, J=7.3 Hz, 1H), 6.69 (s, 1H), 6.60-6.61 (d,
J=6.3 Hz, 1H), 3.28-3.97 (m, 517 H), 2.64 (s, 3H)

I3C NMR (500 MHz, D,0): 8 172.3, 144.2,142.7,131.7, 121.2, 116.7, 116.3, 69.0-71.1,
58.2,40.4,33.9

PEG(5)-hydroxydopamine

IH NMR (500 MHz, D;0): 6 6.33 (s, 1H), 6.29, (s, 1H), 4.15-4.16 (t, J=6.6 Hz, 1H) 3.91-
3.92 (d, J=3.8 Hz, 1H), 3.29-3.68 (m, 362H)

I3C NMR (500 MHz, D,0): § 176.5, 172.6, 145.7, 131.5, 128.9, 108.6, 68.1-71.1, 64.0,
62.3,53.3,40.7,32.4

PEG(5)-hydroxypyridine

'H NMR (500 MHz, D,0): 6 7.49 (s, 1H), 6.45 (s, 1H), 4.11 (s, 2H), 3.29-3.92 (m, 765H),
2.35 (s, 3H)

I3C NMR (500 MHz, D>0): § 173.2, 173.2, 115.8, 144.9, 142.1, 115.8, 68.2-71.1, 58.2,
52.9,38.2,184.

PEG(5)-hydroxypyrone

IH NMR (500 MHz, D0): § 4.11 (s, 2H), 3.11-3.96 (m, 478H)
I3C NMR (500 MHz, D,0): § 176.5, 173.2, 165.8, 144.9, 142.1, 115.8, 68.2-71.1, 58.2,
52.9,38.2, 18.4.



358 M. APPENDIX

Table M.4: m/z values of in Figure with * indicated peaks.
’ dispersant \ m/z ‘
PEG(20)-nitroDOPA | 22284
PEG(10)-nitroDOPA | 10945
PEG(5)-nitroDOPA 5377
PEG(1.5)-nitroDOPA | 2117
PEG(0.8)-nitroDOPA | 707
palmityl-nitroDOPA | 523

PEG(5)-COOH
H NMR (500 MHz, D,0): 6 4.70 (s, 1H), 6.41 (s, 1H), 4.31 (s, 3H), 4.07 (s, 3H), 4.02

(s, 4H), 3.29-3.74 (m, 977H)
I3C NMR (500 MHz, D,0): & 174.8, 68.1-71.2, 58.2.

M.6 Chemical Analysis of Dispersants Containing Ni-
troDOPA as Anchor

M.6.1 MALDI-tof

Identical to the MALDI-tof spectra shown for PEG-anchor dispersants, one of the m/z
values per dispersant shown in Figure indicated with * is listed in Table

M.6.2 Microelement Analysis
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Figure M.13: MALDI-tof of PEG-nitroDOPA and palmityl-nitroDOPA dispersants.
(a) PEG(20)-nitroDOPA, (b) PEG(10)-nitroDOPA, (c) PEG(5)-nitroDOPA, (d) PEG(1.5)-nitroDOPA, (e)
PEG(0.8)-nitroDOPA and (f) palmityl-nitroDOPA.
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M.6.3 NMR
Palmityl-nitroDOPA

'H NMR (500 MHz, DOCHj3): & 8.00 (s, 1H), 7.58 (s, 1H), 3.65 (split d, 1H), 3.33 (s,
1H), 3.06 (split d, 1H), 2.23 (t, 1H), 1.22-1.50 (m, 25H)), 0.92 (t, 3H);

I3C NMR (500 MHz, DOCH3): & 175.1, 173.8, 151.2, 144.6, 140.7, 126.6, 118.9, 112.5,
66.8, 35.5, 35.4, 32.1, 29.2-29.8, 25.9, 22.8.

PEG(20)-nitroDOPA

!'H NMR (500 MHz, D,0): 6 7.61 (s, 1H), 6.79 (s, 1H), 1.44-6.79 (m, 4523H))
13C NMR (500 MHz, D20): 6 174.7,172.2,127.0, 119.4, 113.3, 58.2-73.1, 52.4, 29.9.

PEG(10)-nitroDOPA

H NMR (500 MHz, D,0): 8 7.59 (s, 1H), 6.77 (s, 1H), 3.29-4.11 (m, 1107H))
I3C NMR (500 MHz, D20): & 174.5, 172.2, 150.6, 143.8, 140.5, 127.0, 119.4, 113.3,
67.8-71.9, 58.2, 52.4, 34.8.

PEG(5)-nitroDOPA

!H NMR (500 MHz, D,0): § 7.58 (s, 1H), 6.76 (s, 1H), 3.46-4.04 (m, 651H), 3.28 (s, 4H)
13C NMR (500 MHz, D20): § 172.3, 150.7, 143.8, 140.9, 127.5, 119.6, 113.6, 69.8-71.4,
58.5,53.3,35.3.

PEG(1.5)-nitroDOPA

!H NMR (500 MHz, D,0): 8 7.58 (s, 1H), 6.68 (s, 1H), 4.11 (s, 4H), 3.43-3.74 (m, 503H),
3.28 (s, 10H)

I3C NMR (500 MHz, D20): § 172.4, 150.8, 143.9, 140.8, 127.3, 119.7, 113.6, 78.2,
69.7-71.4, 68.3, 66.4, 58.4, 52.8, 35.2.
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PEG(0.8)-nitroDOPA

'H NMR (500 MHz, D0): & 7.58 (s, 1H), 6.75 (s, 1H), 3.37-3.73 (m, 710H), 3.37 (s,
39H)
13C NMR (500 MHz, D20): 6 176.8, 175.1, 70.0-71.4, 68.3, 58.4, 25.6.
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